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The “small population paradigm” holds that small population size enhances risk of 
extirpation, with risk factors grouped as genetic, demographic, and “environmental”. To 
understand the factors that determine likelihood o f persistence, I studied coastal cutthroat 
trout (Oncorhynchus clarki clarki) and Dolly Varden (Salvelinus malma) populations in 
southeastern Alaska that have been isolated from immigrants for thousands of 
generations. These populations became isolated when isostatic rebound following 
deglaciation created waterfalls.
I developed a geological model of variations in Holocene uplift across the region, and 
tested it independently using the presence/absence o f fish in isolated, high elevation 
lakes. The model predicted locations where isolated populations should be found above 
waterfalls. I inferred population persistence over the intervening millennia using 
presence/absence of present-day populations at these locations.
I examined loss of genetic microsatellite variation in 12 isolated coastal cutthroat trout 
populations. All populations showed reduced heterozygosity and allelic diversity 
compared to populations downstream of isolating waterfalls. The genetic variation 
retained was highly correlated with amount of available habitat. I calculated the effective 
population size (Ne) from observed loss of heterozygosity and compared this “genetic” 
population estimate with “demographic” population size estimates (N) calculated from 
the amount of available habitat. The strong negative relationship between Ne/N ratio and 
habitat amount I found suggests the smallest populations lost less genetic variation than 
expected, perhaps due to heterosis.
To examine conditions under which small, isolated populations persisted or failed, I 
sampled 124 sites with limited amounts o f habitat above waterfalls. I found a 90% 
likelihood that populations of coastal cutthroat trout or Dolly Varden would be present 
when more than 4.4 km of stream habitat were available, and a less than 50% likelihood 
of finding either species in less than 1 km of habitat. Dolly Varden consistently achieved 
much higher densities than coastal cutthroat trout when the other species was absent.
This suggests Dolly Varden population sizes were suppressed in the presence of cutthroat 
trout, presumably by competition. This study demonstrates that the amount of habitat 
available to a population is a key determinant of population persistence, for reasons both 
demographic and genetic.
u
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
T A B L E  O F C O N T E N T S
ABSTRACT...........................................................................................................................ii
LIST OF TABLES................................................................................................................. v
LIST OF FIGURES.............................................................................................................. vi
CHAPTER 1 -  Introduction................................................................................................... 1
Background.......................................................................................................................1
Research Objectives......................................................................................................... 3
Significance of Results....................................................................................................5
Conclusions...................................................................................................................... 6
TWEB Internship............................................................................................................. 8
CHAPTER 2 -  Natural Mechanisms of Population Isolation: Salmonids and Uplift in
Southeastern Alaska....................................................................................10
Abstract........................................................................................................................... 10
Introduction.....................................................................................................................11
Methods........................................................................................................................... 18
Results.............................................................................................................................23
Discussion...................................................................................................................... 29
CHAPTER 3 -  Genetic Diversity of Naturally Isolated Populations of Coastal Cutthroat
Trout (Oncorhynchus clarki clarki) ...........................................................41
Abstract...........................................................................................................................41
Introduction.................................................................................................................... 42
Materials and Methods...................................................................................................43
Results.............................................................................................................................52
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Discussion 56
Conclusions.................................................................................................................... 60
CHAPTER 4 -  Long-Term Persistence of Small Isolated Fish Populations.....................76
Abstract...........................................................................................................................76
Introduction.................................................................................................................... 77
Methods...........................................................................................................................81
Results.............................................................................................................................87
Discussion...................................................................................................................... 91
CHAPTER 5 -  Evaluating the Effectiveness of a Large, Distributed Reserve Network 113
Abstract.........................................................................................................................113
Introduction...................................................................................................................114
Tongass National Forest Conservation Strategy......................................................... 116
An Operational Framework for Evaluating the Strategy............................................123
Roles of the Players..................................................................................................... 140
Conclusions...................................................................................................................145
APPENDICES
Appendix 1 -  Sites with Evidence of Holocene Uplift...............................................148
Appendix 2 -  Allele Frequencies for Coastal Cutthroat Trout Samples................... 166
Appendix 3 -  Accuracy of GIS-Mapped Stream D ata...............................................173
Appendix 4 -  Presence/Absence Sample Sites........................................................... 177
Appendix 5 -  Fish Density Estimates..........................................................................183
REFERENCES...................................................................................................................185
iv
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
LIST OF TABLES
CHAPTER 2
Table 2.1 -  Highest Reported Elevations of Isolated Lake Fish.............................33
Table 2.2 -  Comparison of Geological and Biological Uplift Models..................34
Table 2.3 -  Isolated Sites Within and Above Uplift Zone.......................................35
CHAPTER 3
Table 3.1 -  Characteristics of Sample Sites...............................................................62
Table 3.2 -  Microsatellite Loci Screened................................................................... 63
Table 3.3 -  Density Estimates for Adult Coastal Cutthroat Trout......................... 63
Table 3.4 -  Within-Population Genetic Variation.....................................................64
Table 3.5 -  Hierarchical Gene Diversity Analysis.....................   65
Table 3.6 -  Estimates of Population Size................................................................... 66
CHAPTER 4
Table 4.1 -  Amount of Habitat Required for Long-Term Persistence.................101
Table 4.2 -  Effect of Sympatric Species on Habitat Requirements.......................102
Table 4.3 -  Estimated Size of Smallest Isolated Populations................................ 103
v
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
LIST OF FIGURES
CHAPTER 2
Figure 2.1 -  Conceptual Model of Isolation by Isostatic Rebound.............36
Figure 2.2 -  Geological Uplift Model for Southeastern Alaska..................37
Figure 2.3 -  Biological Uplift Model for Southeastern A laska ..................38
Figure 2.4 -  Radiocarbon Dates of Uplifted Marine Sediments................. 39
Figure 2.5 -  Isolation Time Predicted from Elevation.................................. 40
CHAPTER 3
Figure 3.1 -  Bedrock Waterfall Barrier.............................................................67
Figure 3.2 -  Map of Study Sites.........................................................................68
Figure 3.3 -  Isolation Time Related to Barrier Elevation.............................. 69
Figure 3.4 -  Within-Population Genetic Variation......................................... 70
Figure 3.5 -  Relative Differences in Population Genetic Variation............. 71
Figure 3.6 -  Principal Components Analysis of Allele Frequencies............ 72
Figure 3.7 -  Correlation Between Allelic Richness and Habitat Length 73
Figure 3.8 -  Estimates of Effective Population Size........................................74
Figure 3.9 -  Ne/N Ratio vs. Habitat Length....................................................... 75
CHAPTER 4
Figure 4.1 -  Map of Study Sites........................................................................ 104
Figure 4.2 -  Upstream Movement Barrier........................................................105
Figure 4.3 -Distribution of Fish Species Among Sites...................................106
Figure 4.4 -  Proportion of Streams O ccupied................................................. 107
vi
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Figure 4.5 -Logistic Regression Curves for Presence-Absence Data.......... 108
Figure 4.6 -  Effect of Elevation on Habitat Required for Persistence......... 109
Figure 4.7 -  Density of Sympatric and Allopatric Fish Populations............ 110
Figure 4.8 -  Length-Frequency Distributions for Stream-Resident Fish......I l l
Figure 4.9. Distribution of Resident Fish Stream Reaches by Elevation. ...112 
APPENDIX 3
Figure A3.1 -  Comparison of Measured and Estimated Stream Length 175
Figure A3.2 -  Comparison of Measured and Estimated Barrier Elevation.. .176
vii
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
CHAPTER 1 -  Introduction 
BACKGROUND
As the footprint of human disturbance on the planet continues to expand, high- 
quality habitat for all species is steadily being reduced and fragmented, and the likelihood 
of local populations becoming isolated is correspondingly increased. In light of this, it 
might seem surprising that few empirical studies have attacked the question of what 
determines the persistence of isolated populations. On closer inspection, however, it is 
difficult to identify a truly isolated population of terrestrial vertebrates to study. Birds 
and aerial insects fly between habitat patches. Even earthbound species thought to be 
trapped on remnant habitat fragments (Mills 1995) turn out to cross apparently hostile 
terrain with sufficient regularity that they cannot be called truly isolated (Tallmon et al. 
2002). This vagility makes it difficult to separate the influence of migration on a 
population from the other factors that may constrain its persistence.
Stream fish are among the species most impacted by anthropogenic habitat 
fragmentation. In recent decades, many populations have become isolated by activities 
such as dam building, road culvert construction, and dewatering for irrigation. For 
stream fish, the conservation imperative for understanding how they are affected by long­
term isolation is great, yet the question would seem to be difficult to study. Even a small 
amount of connectivity appears to permit movement by stream fish (Adams et al. 2000), 
and they are notorious for their ability to quickly colonize or recolonize newly available 
habitat (Larimore et al. 1959; Meffe & Sheldon 1990; Milner et al. 2000).
This study seeks to fill this void by examining the long-term persistence of 
populations of stream-resident coastal cutthroat trout (Oncorhynchus clarki clarki) and
1
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Dolly Varden (Salvelinus malma) in the Alexander Archipelago of southeastern Alaska. 
These populations are distinguished by being truly isolated from all immigrants, by the 
great length of time for which they have been isolated, by their relatively pristine setting, 
and by the large number of similarly situated isolated populations. These characteristics 
largely result from the mechanism of their isolation.
Most, if not all, isolated fish populations in the Alexander Archipelago are 
thought to have become established immediately following the retreat of the Cordilleran 
ice sheet at the end of the Pleistocene epoch. At this time, sea level was higher in most of 
the region than it has been since, and barriers that currently block fish passage may have 
been flooded at that time by the ocean. With the falling of sea level and the melting of 
ice dams, fish populations above barriers became isolated from incoming migrants and 
remain that way today. Because these resident fish are small, they have largely escaped 
human notice and their persistence should be explainable without resorting to 
anthropogenic disturbance factors, except at the largest scale (e.g. global climate 
change).
Although extinction (or extirpation) is fundamentally a stochastic process, Brown 
(1995) argued that it is possible to identify factors that favor the probability of extinction. 
Principal among these is small population size, which increases vulnerability to genetic 
processes such as drift and stochastic environmental events such as catastrophic 
disturbance. Though they are not predictable, stochastic events are not uncommon. 
Populations that are not threatened in other ways normally recover from all but the most 
catastrophic of stochastic events. However, populations that are small, either due to prior 
stochastic events or deterministic processes, are at increased risk of extinction from the
2
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
next stochastic event. Rieman et al. (1993) provided an overview of extinction processes 
as they relate to resident salmonids. Extinction processes are characterized as 
deterministic, stochastic, or genetic. Deterministic extinction processes lower survival or 
growth rates in predictable ways. For instance, destruction of spawning habitat means 
that fewer fish will be able to find a place to spawn (assuming full utilization of the 
resource). Extinction, then, can occur through deterministically driving a population out 
of existence, or by reducing it to the point that it does not recover from a stochastic event. 
Because stochastic events cannot by definition be predicted, extinction probability is 
predicted based on deterministic variables and processes that reduce population size.
RESEARCH OBJECTIVES
The purpose of this research was to explore the factors that limit population 
persistence by examining the fate of small populations of stream-dwelling fish that have 
been isolated for thousands of generations. I identified a potential set of study 
populations thought to have been isolated by uplift in southeastern Alaska. My 
preliminary goals were:
1. To develop a map of Holocene uplift for southeastern Alaska;
2. To develop a physical model for predicting the location of fish populations 
isolated by uplift; and
3. To evaluate that model with an independent set of biological data.
Once I had developed an objective model for predicting where isolated
populations should be found, I interpreted the presence or absence of fish populations in 
each location as a indication of whether a population in that setting had persisted since
3
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becoming isolated early in the Holocene. My remaining research objectives were to 
determine:
1. Whether there was genetic evidence that persisting populations were 
indeed reproductively isolated;
2. Whether the amount of genetic variation lost was correlated with 
population size and with length of isolation period;
3. Whether the quantitative loss in genetic variation was similar to what we 
would expect for isolated populations;
4. What were the most restricted settings in which isolated populations are 
known to have persisted;
5. How well was population persistence predicted by the amount of habitat 
available and length of isolation period; and
6. Whether the presence or absence of another salmonid species affected the 
likelihood of population persistence.
In Chapter Two, I develop and evaluate a model for predicting the locations in 
southeastern Alaska where post-Pleistocene fish populations would have been founded 
and subsequently isolated. Chapter Three addresses research objectives 1-3 above 
through genetic analysis of 12 isolated populations of coastal cutthroat trout in contrast 
with their putative founding population. Chapter Four addresses research objectives 4-6 
by contrasting stream and watershed characteristics of settings where isolated populations 
of coastal cutthroat trout and Dolly Varden are, and are not, found today. The final 
chapter, Chapter Five, is largely unrelated to the other chapters and derives from an 
internship I completed as part of my graduate program requirements.
4
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SIGNIFICANCE OF RESULTS 
Mechanism o f Isolation: Chapter Two and the associated appendix compile all 
known information about southeastern Alaskan Holocene uplift in one place for the first 
time, and present new hypotheses about the amount and variation of uplift in the region. 
Uplift as a mechanism of isolation is added to the list of those more commonly 
considered, including flooding, fire, desertification, glacial advance, vulcanism, and, 
especially, anthropogenic landscape disturbance. Uplift is distinguished from most of the 
others by the relatively slow speed at which it proceeds, the relatively large area affected, 
and the long time during which its effects persist.
Genetic Variation: This study reports on genetic variation in populations that 
have been completely isolated by natural means for a far longer period than most studies 
of the genetic effects of isolation or fragmentation. My results do not contradict the 
results of other studies, but instead provide strong support for prior conclusions drawn 
where isolation from immigrants was not as complete or the period of isolation as long. 
The very high correlation I found between genetic variation and habitat size in isolated 
populations underscores the importance of reserve size in the preservation of small 
populations. I report a negative correlation between the ratio of effective population size 
to census population size, and census population size itself. This pattern could have 
significant implications for the genetic behavior of populations during bottlenecks.
Habitat Size and Persistence: In Chapter Four, I showed that habitat size was 
correlated not only with the degree of reduction in genetic variation but with the 
likelihood of persistence itself. This relationship was so strong that no other habitat
5
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factors I considered were significant in a multiple logistic regression model for prediction 
of population persistence. The literature of conservation biology is rife with predictions 
of the correlation of patch size with the so-called extinction threshold (see review in 
Fahrig 2003), but this study is one of the few to test it empirically, and it underscores 
recommendations that habitat preservation should be the first priority for conservation 
(Fahrig 2001). However, I was able to document multiple populations persisting in 
complete isolation in patches somewhat smaller than others have suggested are required 
(Harig & Fausch 2002; Hilderbrand & Kershner 2000). There is a tendency among 
conservationists to write off the future of very small populations unless they are the only 
remaining population of a species, but my results show that smaller populations may have 
brighter prospects than have been previously assumed. In Chapter Four, I also 
demonstrated that the presence or absence of another, similar species can have a marked 
effect on persistence, and that this degree to which this effect is manifested is not 
constant among species. Finally, the data I report in Chapter Four provide strong 
empirical support for the oft-used recommendation that effective population size should 
be not less than 500 to ensure long-term population persistence.
CONCLUSIONS
Small isolated fish populations offer an unparalleled opportunity to study 
population persistence in both natural and human-influenced settings. This study adds to 
the growing body of literature that documents the genetic and demographic impacts of 
isolation on population persistence. My research is distinguished by the degree to which 
the populations that I studied are isolated, by the protracted length of the isolation period,
6
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and by the entirely natural mechanism of isolation operating on a scale that resulted in 
numerous comparable populations distributed across a broad area. Many of my results 
confirm the concerns that others have raised about the effects of smallness and isolation 
on the persistence of vertebrate populations, but I have also demonstrated that long-term 
persistence is sometimes possible in conjunction with greatly reduced genetic variation 
and highly restricted spatial extent. The populations I studied are not thought to be at 
short-term risk, making it realistic to undertake longer term studies of their demography 
that will help to uncover the mechanism for the dependence on habitat quantity that is 
reported here.
At the same time, these populations have been proposed as indicators of 
watershed disturbance in southeastern Alaska, rather than the anadromous populations 
that inhabit the same landscape. Anadromous fish spend a significant part of their 
lifetimes in the ocean, and ocean conditions are thought to greatly influence population 
fluctuations (Beamish & Bouillon 1993), possibly to the extent of swamping the effects 
on population abundance of variation in freshwater habitat. Although Holtby and 
Scrivener (1989) were able to isolate the effects of ocean conditions on population trends 
in coho and chum salmon at Carnation Creek, British Columbia, the process required 
detailed measurements of many demographic parameters that would be impractical to 
gather on larger spatial scales. The difficulty of obtaining and interpreting such data is 
the argument for using resident species or populations in preference to migratory ones as 
indicators of local habitat conditions. By focusing on these previously little-studied 
populations, my research provides some context for the interpretation of population 
trends and monitoring data.
7
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Further, one must consider that southeastern Alaskan resident fish populations 
which once might have been called marginal may now be among the healthiest in the 
species range, and may perhaps become source populations for recolonization elsewhere. 
Exotic species introductions have been very limited in southeastern Alaska, in sharp 
contrast to much of the rest of the world, and thus these populations are less likely to 
have been impacted by hybridization or selection due to interactions with invaders. This 
could make them valuable reservoirs of genetic diversity for reintroduction programs, and 
argues for deepening our understanding of the health, stability, and uniqueness of these 
populations. Finally, through investigating the genetic structure of isolated fish 
populations across the region, this study will be of value to natural resource managers 
considering whether these populations should be considered to be ecologically significant 
units (ESU's, sensu Waples 1991) and accorded corresponding protection.
TWEB INTERNSHIP 
The final chapter of my dissertation derives from an internship I did with the 
Tongass National Forest (U.S.D.A. Forest Service). At the University of Montana, I was 
supported by an NSF Graduate Research Traineeship in the Training within 
Environmental Biology (TWEB) program. This program required that students complete 
an internship outside academia that did not duplicate their other research and that 
provided opportunities for linking basic science with application. For my internship, I 
participated in an interagency working group charged with establishing a monitoring and 
evaluation program for the comprehensive management plan that governs all activities on 
the Tongass National Forest (USDA Forest Service 1997). This plan, which was
8
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finalized at about the time I began my graduate program, was the first to include research 
scientists as full members of the U.S. Forest Service planning team (Mills et al. 1998). A 
centerpiece of the plan was a progressive conservation strategy based on a network of 
reserves along with habitat protection measures governing development outside the 
reserves. The scale of the plan -  the Tongass National Forest covers 17 million acres, 
including most of the southeastern Alaska panhandle, and is by far the largest National 
Forest in the United States -  and the emphasis on habitat conservation and ecological 
sustainability distinguished this plan from all previous National Forest management plans 
(Everest in press). Monitoring and evaluating the success of a natural resource 
management policy at that scale was, and is, a formidable challenge, particularly because 
the policy is implemented incrementally across space and time, and continues to evolve 
while it is being evaluated. The monitoring questions asked of researchers tend to be 
intractably large and complex by the standards of institutional science, and the timeframe 
for answering them is short. An operational framework is needed to guide collaborating 
natural resource managers and scientists towards monitoring activities that are both 
meaningful and tractable. In my internship report, I offer such a framework, using the 
Tongass National Forest conservation strategy as a case study of how the effectiveness of 
large, distributed reserve networks might be most productively and efficiently evaluated.
9
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CHAPTER 2 -  Natural Mechanisms of Population Isolation:
Salmonids and Uplift in Southeastern Alaska
ABSTRACT
Human activities often fragment habitat for other vertebrate species, and as a 
result can create isolated populations at risk of extirpation or even extinction. However, 
natural processes can also isolate populations, without any human intervention.
Flooding, fire, desertification, glacial advance, and vulcanism are among the natural 
processes that can sever ties among previously interconnected habitats. For stream- 
dwelling fish in southeastern Alaska, isostatic rebound has played this role, exposing 
waterfalls along stream channels previously submerged beneath the sea, and leaving the 
fish above isolated from upstream immigration. Radiocarbon dates for uplifted marine 
sediments indicate that most post-Pleistocene uplift in the region occurred more than
8,000 years ago. To predict where present-day isolated fish populations might be found, 
we used over 100 elevations of exposed marine sediments to map uplift across the region, 
then identified fish habitat above waterfalls below the maximum uplifted elevations. We 
evaluated these predicted locations for isolated fish populations by comparing them with 
presence/absence data for 350 lakes blocked from upstream immigration. Uplifted 
marine sediments are found up to 230 m (750’) above present day sea level, while the 
highest isolated natural populations of lake fish are at 245 m (800’), closely matching the 
predictions of our geological uplift model. We identified three uplift zones, ranging from 
the mainland where the ice was thickest and isostatic rebound greatest, to the outer coast 
where rebound was generally less than 60 m (195’). Lake fish populations were often
10
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found somewhat above the highest known uplifted sediments in a region, not surprisingly 
since our lake fish inventory is larger and more systematically distributed than the 
incidental observations of uplifted marine sediments. We modified our uplift model to 
include the south end of Prince of Wales Island in the medium-uplift zone based on 
medium-elevation isolated fish populations found there. This placement is consistent 
with recent evidence that a large tongue of ice extended out of Dixon Entrance, 
immediately to the south of Prince of Wales Island. Our uplift model predicts that 
southeastern Alaska could contain hundreds of naturally isolated fish populations, 
making the region an ideal laboratory to study the conditions under which small, isolated 
salmonid populations are able to persist, with implications for population viability of 
other species in other settings.
INTRODUCTION 
As increasing exploitation of resources by humans leads to landscape 
transformation, the availability of interconnected habitat for many species is increasingly 
reduced, and the likelihood of local populations becoming isolated is correspondingly 
increased. In the struggle to preserve global biodiversity, an understanding of the factors 
that influence the persistence of small, isolated populations is a critical need. In light of 
this, it might seem surprising that relatively few studies have attacked this question for 
natural populations. On closer inspection, however, it is difficult to locate a truly isolated 
natural population of terrestrial animals to study. Birds and aerial insects fly between 
habitat patches. Even earthbound species thought to be trapped on remnant habitat 
fragments cross apparently hostile terrain with sufficient regularity that they cannot be
11
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called truly isolated. This vagility makes it difficult to separate the influence of 
migration on a population from the other factors that may constrain its persistence.
Stream fish are among the species most impacted by anthropogenic habitat 
fragmentation (Martin-Smith & Laird 1998; Warren & Pardew 1998). In recent decades, 
many populations have become isolated by activities such as dam building, road culvert 
construction, and dewatering for irrigation. For stream fish, the conservation imperative 
for understanding how they are affected by long-term isolation is great, yet the question 
would seem to be difficult to study. Even a small amount of connectivity appears to 
permit movement by stream fish (Adams et al. 2000), and they are notorious for their 
readiness to quickly colonize or recolonize newly available habitat (Bayley & Osborne 
1993; Larimore et al. 1959; Meffe & Sheldon 1990; Milner et al. 2000). For these and 
other reasons, the literature makes almost no mention of attempts to address the 
persistence question for stream fish in the absence of a metapopulation structure. In 
southeastern Alaska, however, there appear to be large numbers of similarly sized, small 
populations of native fish that are completely isolated from immigration. These 
populations offer an unusual opportunity for study. Isolated fish populations occur in 
other settings (Pister 1985; Waters & Wallis 2001) but naturally isolated stream fish 
populations in southeastern Alaska are distinguished by at least three important 
characteristics: (1) the setting they are found in is relatively pristine, so that natural 
processes can be examined without the complications of anthropogenic influence; (2) 
southeastern Alaska contains numerous isolated fish populations, allowing for study 
replication and stronger inference; and (3) there is no immediate threat to the persistence 
of many populations, making long term studies a viable option.
12
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Quaternary History o f  Southeastern Alaska 
Nearly all of the Alexander Archipelago and associated mainland coast of 
southeastern Alaska was covered by the Cordilleran ice sheet during the late Pleistocene 
epoch, in contrast with conditions in the large Beringian refugium to the north and in 
small glacial refugia immediately to the south on Haida Gwaii (Queen Charlotte Islands) 
(Demboski et al. 1999; Heusser 1989; Moodie & Reimchen 1976). In southeastern 
Alaska it is likely that only the highest mountains on the larger islands and a few portions 
of the outer coast were ice-free during the glacial maximum (Heaton et al. 1996; Mann 
1986). Upper limits of ice action range from 600 m along the outer coast to 1500 m at 
the edge of the mainland (Falconer et al. 1958, cited in Heusser 1989). Limited evidence 
for the existence of Pleistocene glacial refugia in this region includes animal remains 
found in caves on western Prince of Wales Island (black and brown bears, Ursus spp., 
Heaton et al. 1996), and disjunct present-day plant distributions (subalpine fir, Abies 
lasiocarpa, Heusser 1989). However, Worley and Jaques (1975) argued that the 
distribution of subalpine fir is more suggestive of post-Pleistocene recolonization from 
the south or the continental interior than of local coastal refugia.. Locations of possible 
glacial refugia include steep-sided Forrester Island (Worley & Jaques 1975), on the outer 
coast 26 km west of its nearest neighbor, and presently submerged portions of the 
continental shelf that were exposed by lowered sea levels. The latter may have been 
occupied or used as travel corridors by humans (Klein 1965; Rogers et al. 1990). 
However, to date there have been no suggestions of freshwater fish refugia in 
southeastern Alaska, and no relict fish populations have been identified south of Yakutat
13
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(the exception being a possible relict population of northern pike, Esox lucius, near 
Yakutat, Senanan & Kapuscinski 2000). While the presence of relicts cannot be ruled 
out, it is reasonable to expect that most freshwater fish populations in the region have 
been established since the retreat of the Cordilleran ice sheet.
Absent refugia, the only source from which the streams lying wholly within 
southeastern Alaska could have been colonized is the sea. (A few rivers, such as the 
Stikine and Taku, penetrate the Coast Range and could have been colonized from 
continental refugia, but their only connection to the remainder of Archipelago streams is 
through saltwater.) Access to individual streams would have been determined by local 
sea level. Relative sea levels in the region fluctuated dramatically following the retreat of 
the Cordilleran ice sheet, determined both by worldwide eustatic variation and by local 
isostatic rebound. Worldwide eustatic lowering of sea level during the last glacial 
maximum, around 18,000 BP, was on the order of 120 m below present sea level 
(Fairbanks 1989), exposing many continental shelves. The maximum extent of the 
Cordilleran ice sheet was reached somewhat later. Barrie and Conway (1999) dated the 
beginning of the retreat of the ice sheet to about 15,600 14C yr BP. (By convention, 
radiocarbon dates without an associated error are uncalibrated and relative to 1950 A.D. 
See Stuiv.er & Polach 1977.) Most glaciers in the Alexander Archipelago are thought to 
have retreated rapidly to near their present positions by about 13,500 14C yr BP (Barrie 
& Conway 1999; Mann & Hamilton 1995). Specific dates for the retreat of the ice from 
various parts of the Archipelago range from 12,900-10,500 14C yr B.P. (Mann 1986). 
Local dates of retreat given by Mann (1986) suggest an obvious west-to-east progression 
for the retreat, but no similar pattern from south to north.
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Colonization by Salmonids 
As a group, salmonids embody many of the traits that characterize successful 
colonizers, including reproduction at an early age, high fecundity, generalist spawning 
strategies, high vagility, and high tolerance for the kind of conditions found in recently 
disturbed settings, such as turbid water. Milner and Bailey (1989) examined five streams 
in Glacier Bay, Alaska that were exposed by retreating glacial ice from zero to 150 years 
earlier, all of which had already been colonized by one or more species of salmonids. 
Dolly Varden char {Salvelinus malma) were the most ubiquitous colonists, being found in 
all streams where other fish species were detected and on all occasions when other fish 
were present. In contrast, cutthroat trout (Oncorhynchus clarki) were recorded only in 
small numbers in the stream that was oldest and farthest along in the successional 
process. Other salmonids were intermediate between the two species in their 
colonization pattern. Recent unpublished observations in additional streams confirm this 
pattern (A. Milner, pers. comm.) It is likely that salmonids would have rapidly colonized 
all available habitat in southeastern Alaska not long after the retreat of ice in the region.
It is rare to find a stream in the region today that has saltwater access but does not contain 
Dolly Varden char, cutthroat trout, and one or more species of salmon.
Isolation o f Fish Populations 
Figure 2.1 illustrates the process of isolation. Following colonization, 
isostatically depressed shorelines rebounded dramatically. Within southeastern Alaska, 
marine transgressions of 50-230 m above present sea level indicate the magnitude of the
15
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apparent rebound (Mann 1986; Mann & Hamilton 1995). Actual rebound was even 
greater, however, since the elevation of marine transgressions is reduced by the 
concomitant eustatic rise in worldwide sea level. Between 13,000 and 9,000 14C yr B.P., 
evidence suggests a eustatic rise in sea level from -105 to -35 m below present 
(Fairbanks 1989). For much of the region, isostatic rebound ran its course within a few 
thousand years. Mann and Hamilton (1995) speculated that, in general, modem sea level 
in southeastern Alaska was reached by 9,000 14C yr B.P., except where isostatic or 
tectonic forces continued to be active. Riddihough (1982) believed that isostatic 
movements on the west coast of Canada were largely complete by the early Holocene 
(11,000 to 8,000 B.P.). However, eustatic rise of sea level continued into the middle 
Holocene, so some shorelines should not be considered completely stable until about
5,000 B.P. In the time since, they have varied by only a few meters (Clague 1989; 
Riddihough 1982).
Few data on sea level changes are available for southeastern Alaska, but a pattern 
of high variability is evident. A marine transgression occurred on Heceta Island around 
8,500 B.P., but no evidence of this event has been found on the west coast of Prince of 
Wales Island, which lies immediately to the east of Heceta (Mobley 1988). Mann (1995) 
and Mann and Hamilton (1986) described early Holocene marine transgressions of 50- 
230 m above present sea level from a variety of locations within the Archipelago, with a 
similar west-to-east pattern as is seen in northwestern British Columbia. Hicks and 
Shofstal (1965) mapped emergence rates for the northern Alexander Archipelago during 
the first half of the 20th century and found that uplift was greatest at the northern end of 
the Archipelago, almost 4 cm/yr in Glacier Bay, decreasing to as little as 0.15 cm/yr near
16
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Kake in the center of the Archipelago. For the mid-Holocene, Mobley (1988) 
summarized 21 carbon-dated marine deposits ranging from 1-70 m above sea level.
In general, absent detailed local geological history or evidence of recent barrier 
formation, we can expect the isolation of fish populations on most islands in southeastern 
Alaska to date to about 9,000 B.P. (Clague et al. 1982; Mobley 1988) and even in unusual 
cases to at least 5,000 B.P. (Clague 1989; Riddihough 1982). Also, we would expect to 
find no populations in waters that are not continuously connected to the maximum 
historical elevation of marine transgressions.
Objectives
Our overall objective was to identify a set of naturally isolated, small populations 
that would allow us to study the factors affecting long-term population persistence, using 
salmonids historically isolated above waterfalls in southeastern Alaskan. Because we 
were interested in very small populations, we focused our attention on headwater 
drainages that did not include ponds or lakes (since those should support much larger fish 
populations). However, we also collated data about fish presence, in lakes to test our 
predictions. Our specific objectives were: (1) to develop a map of Holocene uplift for 
southeastern Alaska; (2) to predict locations where one would expect to find isolated fish 
populations, based on the uplift map and GIS hydrography for the region; and (3) to test 
these predictions using the presence or absence of natural fish populations in isolated 
lakes. We then used our uplift model to characterize the set of predicted locations where 
isolated stream fish populations would be expected.
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METHODS 
Study Area
Southeastern Alaska is a distinct ecoregion that comprises the Alexander 
Archipelago and the associated mainland coastline. It is bounded on the west by the open 
Pacific Ocean and on the east by a nearly unbroken range of mountains. To the north, the 
Archipelago comes to an end and is replaced by sweeping sandy beaches. On the south, 
the Archipelago stops at Dixon Entrance, a broad body of water that approximately 
defines an ecotone representing the northern limit of a number of terrestrial species. 
McPhail & Lindsey (1986) identified the Stikine River, which flows westward to the 
ocean about halfway up the Tongass, as transitional between the Columbian ichthyofauna 
to the south and the Bering icthyofauna to the north.
The mainland coast here averages about 50 km in width, as measured from 
saltwater inland to the peaks of the Coast Range, which form the boundary between 
Alaska and Canada. The region covers approximately 500 km of latitude and 150 km of 
longitude, and it includes over 22,000 islands by one estimate (USDA Forest Service 
1997). It is steep, rugged terrain partitioned by deep fjords, with a temperate rainforest 
climate dominated by the frequent arrival of storms off the North Pacific. Rainfall ranges 
from 130 - 600 cm/yr (Alaback 1995), feeding a network of about 72,000 km of mapped 
streams, of which approximately half are considered fish-bearing (USDA Forest Service 
1997). Streams within the Archipelago tend to be very similar to one another: wooded, 
short, steep, bedrock-controlled in their upper reaches, and subject to similar hydrologic 
regimes. Virtually every stream is inhabited by fish, chiefly salmonids, in its lower 
reaches. With a very few exceptions, most fish species present in the Archipelago are
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found throughout the region (Morrow 1980). For the purposes of this study, it is 
noteworthy that there is an extensive geographical database available for the entire region 
that is particularly rich in hydrological information and landform characteristics relevant 
to the study questions.
Uplift Model
We used present-day elevations of uplifted glaciomarine sediment deposits to map 
Holocene uplift across southeastern Alaska. For this study, we did not collect any new 
records of glaciomarine deposits; rather, we surveyed the published literature and 
interviewed scientists currently investigating the recent geological history of the region to 
compile a comprehensive list of all known locations of uplifted glaciomarine deposits 
(Appendix 1). To determine the range of uplift for each area within the region, we 
grouped these locations into approximate spatial clusters. Within each spatial cluster of 
data points, we considered the maximum recorded uplift value as the minimum amount of 
uplift expected for that area. Because of the paucity o f records of uplifted glaciomarine 
sediments throughout this large region, however, we were only able to distinguish three 
uplift zones.
To establish the time when sediments were originally deposited, we used 
radiocarbon dates for shell, or sometimes wood, fragments found within or above the 
glaciomarine sediments. We report conventional radiocarbon ages {i.e. uncalibrated and 
relative to 1950 A.D.; Stuiver & Polach 1977). The time of deposition of the sediments 
establishes the maximum amount of time that could have elapsed since a site at that
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elevation emerged from the sea. To avoid confusion with earlier uplift events, we 
considered only marine sediments deposited during the Pleistocene.
Upstream Migration Barriers 
To identify upstream migration barriers across the region, we started with an 
existing GIS barrier layer created by examining aerial photographs of the Tongass 
National Forest to detect apparent geological discontinuities along stream channels (GIS 
“barriers” layer, Tongass National Forest,1999). We added hundreds of barriers to the 
layer by reviewing all available written stream surveys conducted by state and federal 
agencies between 1950 and 2000; the primary objective of these surveys was generally to 
determine the upstream limit of anadromous fish presence. Our intent was to consider 
only barriers that permanently block all upstream migration by all fish species found in 
this region, as defined by USDA Forest Service (2001a: 22.6, Exhibit 01, p. 14).
Although we ground-truthed only a small percentage of the barriers identified by 
previous surveys, we are confident based on that experience that most of the barriers 
identified do indeed block fish. We eliminated, for obvious reasons, any barriers where 
anadromous fish were reported upstream. In addition to individually mapped barriers, we 
also considered stream segments mapped in three channel types to be de facto upstream 
movement barriers. These channel types were: HC5 and HC6, non-incised and incised 
channels that have minimum gradients of 15% but generally steepen rapidly beyond that 
point; and MC3, a 6-15% gradient bedrock-controlled channel type that almost invariably 
includes frequent stepped cascades (USDA Forest Service 1992). Elevation at the top of
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all mapped and de facto barriers was visually estimated to the nearest 25’ (7.5 m) from 
mapped 100‘ (30 m) contours derived from a 60m digital elevation model (DEM).
Isolated Lake Fish Populations 
Presence/absence of natural fish populations in lakes was determined from lake 
survey files maintained mostly by the Alaska Department of Fish and Game. Lake 
surveys were conducted during the period 1950-1990, using a variety of methods 
(minnow trap, gillnet, fyke net, rod & reel, and visual observation). Surveys generally 
attempted to distinguish natural from stocked populations, although unrecorded stocking 
undoubtedly occurred in the region and could confound some reports. Dates of stocking 
events and the results of later surveys to establish their success were sometimes available. 
We used barrier information in both the lake survey files and the Tongass GIS to 
establish which lake populations were isolated. Outlier records of populations at 
extremely high elevations were inspected and removed from the data set wherever recent 
concentrated human access or recorded stocking activity provided circumstantial 
evidence for artificial translocations. The elevations of natural fish populations in lakes 
above barriers were used to test the predictions of our uplift model, i.e. that fish would 
not be expected in lakes with barriers above the local maximum uplift elevation. Also, 
while it was not an explicit objective of this study, the lake fish presence/absence data 
also offered the opportunity to establish the maximum elevation at which natural and 
stocked fish (not merely isolated populations) are present in southeastern Alaska.
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Identification o f Predicted Sites for Isolated Stream Fish Populations
We considered any fish habitat above a barrier that was not higher than the local 
maximum predicted post-Pleistocene sea level to hold potential for supporting an isolated 
fish population. We used the Tongass National Forest’s GIS “streams” layer -  which 
was generally derived from aerial stereo photointerpretation, supplemented by extensive 
ground truthing — to locate fish habitat above barriers. We used GIS stream channel 
type attributes (minimum map unit = 100m of linear channel) to identify fish habitat. All 
mapped stream segments of channel types other than the highest gradient channel types 
(HC5, HC6 and MC3) were considered capable of supporting fish (USDA Forest Service 
1992).
Elevation to the nearest 25’ (7.5 m) was visually estimated for the top of all 
mapped and de facto barriers, using mapped 100’ (30 m) contours derived from a 60m 
digital elevation model (DEM). We measured the amount of fish habitat (to the nearest 
50m) above any barriers whose top elevation did not exceed the maximum predicted 
amount of uplift for the zone they were in, continuing to the upstream limit of fish habitat 
or to the next barrier whose top elevation was above the maximum uplift elevation.
Because of GIS limitations, we were required to examine the database manually 
for instances of stream fish habitat above barriers, and thus did not attempt to identify all 
such instances. We restricted our examination to the northern and central portions of the 
Archipelago because of the greater accuracy of steam data for these areas.
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RESULTS
Uplift Model Based on Geological Evidence 
We located 81 previously published records of either post-Pleistocene uplifted 
glaciomarine sediment deposits or landforms indicative of historical shorelines. An 
additional 39 unpublished records of sites with evidence of uplift were contributed by 
archaeologists and geologists of the Tongass National Forest (Appendix 1). The highest 
known glaciomarine deposit in southeastern Alaska is at 230 m (750’) ASL on the 
mainland near Juneau. Broadly speaking, documented uplift is greatest at the northern 
end of the archipelago, and greater near the mainland than the outer coast. This pattern is 
consistent with the expectation of greater ice sheet thickness over the mainland than the 
islands. Undoubtedly there was significant local variation in ice sheet thickness 
throughout the region and consequently in subsequent isostatic rebound (D. Swanston, 
pers. comm.), but the sparseness of the glaciomarine sediment deposit record in 
southeastern Alaska does not allow for interpretation at this scale. Instead, we chose to 
delineate three uplift zones for the region (Figure 2.2).
We placed all of the outer coast islands in the first uplift zone. No uplifted marine 
sediments were found at greater than 20 m (66’) ASL in this zone, so we believed that 
uplift here was likely to be generally less than 30 m (bearing in mind that 20 m would be 
a lower limit on the amount of uplift for this zone). In the second zone, we placed the 
mainland west of Lynn Canal and the remainder of the islands. Twelve of 25 
documented uplift sites in this zone exceeded 30 m ASL, and five of those exceeded 60 
m ASL. The maximum uplift noted was a rough estimate of 90 m ASL for one site on 
Revillagigedo Island near the mainland, so we believe that uplift in the intermediate zone
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was generally less than 100 m. The remaining, high-uplift zone consists of the mainland 
east of Glacier Bay, along with the Lynn Canal area, Douglas Island near Juneau and the 
Mansfield Peninsula at the north end of Admiralty Island. The latter two areas are 
included in this zone because they are geologically associated with the Lynn Canal 
mainland. As well, both contain uplift sites well above 100 m ASL, and the Mansfield 
Peninsula in particular includes a well authenticated uplift site at 213 m (695’) ASL 
(Miller 1973b), setting it clearly apart from islands in the intermediate zone.. Nine sites 
in the high-uplift zone were above 100 m ASL, at elevations ranging from 106 to 230 m 
ASL. We believe that 230 m is a reasonable estimate for the maximum amount of uplift 
in this zone.
Isolated Lake Fish Populations 
Information about fish presence was available for 531 lakes in southeastern 
Alaska, of which 269 are known to be isolated from saltwater by upstream movement 
barriers. Surveys conducted during the period 1951-1994 found apparently natural 
populations of cutthroat trout and/or Dolly Varden char in 113 of the 269 isolated lakes 
(42%). The highest lake with a natural, isolated fish population was Boundary Lake (247 
m or 804’ ASL), in the Taku River drainage on the mainland near the Canadian border. 
This and other high elevation lakes (over 150 m ASL) were inhabited mainly by Dolly 
Varden. Scenery Lake, on the mainland near Petersburg, contained Dolly Varden at 295 
m (962’) ASL, but the migration barrier was further downstream, at 215 m ASL. The 
highest reported population of cutthroat trout, as well as threespine stickleback 
{Gasterosteus aculeatus), was in Saks Lake (176 m or 574’ ASL), also on the mainland
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near the mouth of the Unuk River. The only other native fish populations reported from 
isolated lakes were sculpin (Cottus spp.) and kokanee (Oncorhynchus nerka, both from 
lakes at 110 m ASL and below. No native fish were detected in any of the 128 surveyed 
lakes above 247 m ASL. Because we found no fish populations above this elevation and 
numerous populations below, we are fairly confident that 245 m ASL represents the 
approximate upper limit at which native fish populations are sustained in southeastern 
Alaska. Lakes above that elevation may contain fish, but only if those fish have access to 
lower elevations through continuously connected stream habitat.
Stocking attempts, from 1921 onward, were reported for 201 lakes, 33 of them 
above upstream migration barriers. The majority of stocking attempts were in two areas, 
on Baranof Island south of Sitka and within an 85 km radius circle centered on 
Ketchikan, with smaller clusters near Juneau and Petersburg-Wrangell. Interestingly, 
there are at least a few records of stocking for virtually every species known from the 
region, although some of those events were accidental when a non-target species was 
unintentionally introduced at the same time as a target species. Non-native species 
known to have been stocked in southeastern Alaska lakes include eastern brook trout 
(,Salvelinus fontinalis) and arctic grayling (Thymallus arcticus). Rainbow trout or 
steelhead (Oncorhynchus mykiss) are naturally present in the region in streams and lakes 
connected to saltwater, and have been widely stocked in isolated lakes as well. A single 
unstocked isolated lake population of rainbow trout was reported from the eponymously 
named Rainbow Lake on the Cleveland Peninsula, but it is entirely possible and rather 
likely that this population was actually the result of an unreported stocking event. The 
highest elevation where stocking efforts were reported as successful was Lake Dorothy in
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the Taku River drainage (952 m ASL), where an isolated population of eastern brook 
trout stocked in 1921 continues to thrive (Table 2.1). This represents the known, regional 
upper elevation limit of fish persistence when species and mechanism of colonization are 
not considered, although the limit could be even higher since no unsuccessful stocking 
attempts were reported from any higher elevations. As predicted, this elevation (952 m 
ASL) is substantially higher than that of the highest natural population of any species.
Uplift Model Based on Biological Evidence 
The highest natural, isolated, lake fish populations were all below 245 m, which is 
consistent with the maximum uplift of 230 m documented with geological evidence. 
Furthermore, the highest populations were generally found on the mainland, which is 
consistent with the evidence that uplift was greatest near the mainland. In the 
“Mainland” uplift zone, the highest of 39 reported isolated lake fish populations (247 m 
ASL) was within the expected elevation range for that zone. The elevation range for the 
“Inner Islands” uplift zone was likewise generally supported by the 34 reported isolated 
lake fish populations, with only two populations (one at 107 m ASL on Admiralty Island, 
and one at 115 m ASL on Kupreanof Island) slightly higher than would be predicted from 
the geological evidence.
However, along the Outer Coast, isolated fish populations were reported from a 
number of lakes well above the 30 m ASL we expected, based on the available geological 
evidence. On Baranof and Chichagof Islands, lakes with fish above 60 m ASL were 
reported from four drainages. On southern Prince of Wales Island, three lakes were 
reported with isolated fish populations at 75-125 m ASL. No marine sediment deposits
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have yet been found in these areas -  the marine sediment dataset and the lake fish dataset 
are both relatively sparse and uneven across the region -  so we cannot say whether the 
lake fish data conflict with the geological data. Because of this uncertainty, we have 
constructed a second map of uplift zones that incorporates the additional information 
provided by the elevations of isolated lake fish populations (Figure 2.3).
Differences between the two uplift maps are summarized in Table 2.2. The 
differences are both quantitative and qualitative: the biological evidence suggests greater 
uplift in general; and in a few areas there is evidence that it has been differentially greater 
than is supported by the distribution of known uplifted glaciomarine sediments. The data 
points in the set of isolated lake fish populations are both more numerous and more 
evenly distributed across the region. The fact that isolated lake fish populations occur at 
higher elevations in general than the record of uplifted glaciomarine sediments would 
suggest is likely due to undersampling of the latter. In other words, we expect that 
uplifted sediments would be found at higher elevations if more effort were expended.
The explanation for the qualitative differences between the two uplift maps is discussed 
below; however, it is important to note that both datasets are sparse, given the size and 
topographic complexity of the region and its history.
Time o f Isolation
Of the sites with uplifted marine shell deposits, 57 (47%) are accompanied by a 
radiocarbon date that records the time that the deposit was laid down in a marine 
environment (Figure 2.4). Regionwide, the dates range from 7,130+/-115 to 13,450+/- 
190 BP (measured radiocarbon date). These dates place a bound on the maximum length
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of time elapsed since a site was under saltwater. The fact that there are no dates less than
7,000 BP indicates that post-Pleistocene isostatic rebound had largely tapered off 
regionwide by that date. Many submerged areas would have emerged from the sea much 
earlier.
From the larger dataset of radiocarbon-dated, exposed glaciomarine sediments, 
we selected the most recent date found in each 15 m vertical elevation band and regressed 
it on log-transformed elevation to produce a formula for predicting the time that a given 
elevation emerged from the sea during Holocene uplift (Figure 2.5). This regression was 
highly significant (p = 0.00004). Although data points at different elevations were drawn 
from different parts of the region for this regression, the unambiguous relationship 
between elevation and sediment deposition date suggests that a single formula for 
estimating isolation time can be applied regionwide (Hastings 2005, ch. 4).
Isolated Stream Fish Habitat 
For the central third of the Archipelago, we identified 593 sites where fish habitat 
was available above a barrier. This set of sites is incomplete, as we were specifically 
looking for sites well below the maximum predicted uplift elevation and with very small 
amounts of habitat above the barrier. We did make a complete examination of four 
representative islands (Table 2.3), and found approximately one site with isolated fish 
habitat in the uplift zone for about every 2000 ha of land area. This figure would be 
somewhat less for the mainland and northwestern portion of the Archipelago because of 
the steeper topography there; isolated stream habitat in those regions is more often at too 
high an elevation to expect fish to be present. The linear amount of mapped fish habitat
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above these barriers ranges from 100 m (the minimum map unit size for stream channel 
types) to over 35 km, with sites well-distributed across the entire range.
DISCUSSION 
Uplift Models
The general pattern of increasing uplift from the outer coast toward the mainland 
was supported by both geological and biological evidence. However, we were initially 
surprised to find reports of fish at such high elevations on the outer coast and especially 
the southern end of the Archipelago. Recent bathymetric mapping has revealed the 
existence of submerged glacial troughs at the mouths of the major inland marine 
waterways of southeastern Alaska, and suggested that Pleistocene glaciation extended as 
far west as the western edge of the continental shelf (Carrara et al. 2002). Dixon 
Entrance, which forms the southern boundary of southeastern Alaska, was apparently 
entirely filled with ice that extended more than 50 km west of present-day shorelines. If 
that were the case, the ice could easily have been thick enough at the southern end of the 
Archipelago to explain the existence of uplifted, isolated populations at the elevations 
reported there. The amount of rebound suggested by the higher lake fish populations 
implies ice thicknesses of more than 1 km for the inner islands (T. Ager, per s. comm.), 
which is consistent with evidence of ice thickness from glacial trimlines (Mann 1986) 
and from high elevation deposits on Prince of Wales Island of glacial till (Mann 1986, 
citing Swanston 1969).
At the north end of the Archipelago, a glacial trough at the outlet of Chatham 
Strait could explain the presence of high elevation lake populations at the southern end of
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Baranof Island, the other area where lake fish were found at higher elevations than 
predictions based on uplifted marine sediments. Glaciomarine sediment deposits are, 
however, far more conclusive evidence of uplift than the presence of isolated fish 
populations that could arguably have other origins. Strandflat topography on the outside 
of Baranof Island is another indication that uplift could be as much as 75 m on this 
portion of the outer coast (Reed & Coats 1941), but this too is less conclusive evidence 
than actual glaciomarine deposits. For the moment, both of the uplift models we present 
should be thought of as valid hypotheses in need of further testing.
Uplift as a Mechanism o f Isolation 
Isostatic rebound may function as a mechanism of isolation in other high latitude 
regions of the Northern Hemisphere. The Cordilleran ice sheet extended through 
southcentral Alaska to the Alaska Peninsula. Kodiak Island, in particular, has a similar 
Quaternary history to southeastern Alaska. The entire island was covered with ice except 
for a few nunataks and portions of the coastal plain. Further to the east, the enormous 
Laurentide ice sheet covered what is now northern Canada to a thickness of up to 5 km 
(Pielou 1991), and even today the land around Hudson Bay is rebounding at 1 cm/year 
(Tushingham 1992). The Fennoscandian ice sheet covered the Baltic region to a depth of 
3 km (Peltier 1994); present-day uplift rates in Finland and Norway are comparable to 
that found for Hudson Bay. The British Isles were capped with the smaller Scotland ice 
sheet. Western Scotland has risen at an average of 0.16 cm/yr over the last 4000 years 
(Shennan & Horton 2002). Other significant ice sheets covered parts of Greenland,
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Iceland, and Siberia. Smaller ice caps were present in the Southern Hemisphere in New 
Zealand (Newnham et al. 1999) and Patagonia (Bevis et al. 2002; Ivins & James 1999).
Isolated Fish Populations 
Our objective in developing a model of Holocene uplift in southeastern Alaska 
was to set an upper bound on the location where isolated populations of stream-dwelling 
fish might be found. From the standpoint of looking for isolated populations, the search 
should include sites up to the highest elevation predicted by the least conservative model. 
However, in a companion paper (Hastings 2005, ch. 4), we sought to understand the 
factors determining persistence of isolated populations by specifically looking for sites 
where isolated populations had failed to persist. In that case, we used the lowest 
predicted amount of uplift as the upper bound on our search, to avoid the possibility of 
considering a site where fish could never have reached as a site where they had colonized 
but failed to persist.
Nonetheless, either uplift model supports the potential for hundreds of sites across 
southeastern Alaska where isolated fish populations may be found. These populations 
were all founded during the Holocene, and most would have been founded about 9,000-
10,000 years ago, according to predictions about when uplift should have stabilized for 
most of the region (Clague et al. 1982; Mobley 1988). The rugged topography of 
southeastern Alaska, the many areas still largely unimpacted by the region’s relatively 
small human population, and the plentiful availability of larger salmonids close to and in 
saltwater all contribute to the likelihood that many isolated populations of stream- 
dwelling fish have not been substantially affected by anthropogenic activities. These
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populations offer an unparalleled opportunity to study the effects of isolation on small 
populations, particularly over longer timespans than are practical for manipulative 
experiments.
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Table 2.1. Highest reported elevations, by species, for isolated natural and 
stocked lake fish populations in southeastern Alaska. All migration barriers are 
directly below the lake outlets, except for Kokanee, where the lake is upstream of 
the barrier at 145 m (472’) ASL.
Species Origin Elevation of Migration Barrier (ASL)
Cutthroat trout Natural 176 m (574')
Dolly varden char Natural 247 m (804’)
Kokanee Natural 107 m (350')
Sculpin spp. Natural 107 m (350')
Threespine stickleback Natural 176 m (574')
Arctic grayling Stocked 601 m (1959')
Eastern brook trout Stocked 952 m (3100’)
Rainbow trout Stocked 606 m (1973')
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Table 2.2. Differences between uplift model for southeastern Alaska developed from 
geological evidence (uplifted marine sediments) and from biological evidence (isolated 
lake fish populations). “Low”, “Medium” and “High” refer to the relative amount of 
post-Pleistocene uplift. Lake populations are lakes that currently contain isolated natural 
populations of at least one species of native fish. All elevations are ASL.
Amount of # of Lake Highest Lake Mean Elevation of 
Uplift Zone Uplift (m) Populations Population Lake Populations
Geological Model
"Low" <30 39 140 m (458’) 52 m (168’)
"Medium" 30-100 36 138 m (450’) 54 m (175’)
"High" 100-230 38 247 m (804’) 89 m (290’)
Biological Model
"Low" <75 25 76 m (249’) 47 m (152’)
"Medium" 75-140 50 140 m (458’) 56 m (181’)
"High" 140-245 38 247 m (804’) 89 m (290’)
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Table 2.3. Number of sites identifed from GIS data with fish habitat 
isolated above upstream movement barriers, for four representative islands 
in the intermediate uplift zone of the central Alexander Archipelago. 
"Within uplift zone" refers to sites where the barrier is below the 
maximum predicted uplift for this area, based on the uplift model derived 
from biological data. Within the uplift zone, approximately one isolated 
site was identified for every 2000 ha of land area.
Isolated sites Isolated sites
Island Area (ha) within uplift zone above uplift zone
Kupreanof
Kuiu
Mitkof
Zarembo
279,550
194,654
54,299
47,580
139
106
23
20
76
74
40
29
35
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
~ 12,000 BP> 15,600 BP
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Figure 2.1. Conceptual model of population isolation due to isostatic rebound, (a) Land 
covered by ice sheet during Pleistocene, (b) Ice sheet retreats, exposing new streams 
which are quickly colonized by salmonids. (c) Land rebounds slowly from weight of ice, 
exposing waterfalls (arrow) that isolate upstream fish on some streams, (d) Eustatic sea 
level rise occurs later than rebound in southeastern Alaska.
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Figure 2.2. Geological uplift model for southeastern Alaska based on elevations of 
exposed marine sediments. Vertical bars on the ride side of the figure indicate the 
relative limits of the three uplift zones for the geological (shaded) and biological 
(unshaded) models.
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Figure 2.3. Biological uplift model for southeastern Alaska based on elevations of 
present-day isolated lake fish populations, showing areas shifted from the outer islands 
zone to inner islands zone, relative to the geological uplift model. Amount of uplift for 
all zones is also greater than in the geological uplift model. Vertical bars on the ride side 
of the figure indicate the relative limits of the three uplift zones for the geological 
(unshaded) and biological (shaded) models.
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Figure 2.4. Radiocarbon dates associated with uplifted marine sediments in southeastern 
Alaska.
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Figure 2.5. Isolation time in years related to log-transformed elevation (r =0.92; p < 
0.001). Point labels are elevation in meters ASL. Isolation times are the ages of the 
youngest known uplifted marine sediments from each 15m vertical elevation stratum 
regionwide.
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CHAPTER 3 — Genetic Diversity of Naturally Isolated Populations 
of Coastal Cutthroat Trout (Oncorhynchus clarki clarki)
ABSTRACT
Small populations are threatened by a variety of genetic, demographic, and 
environmental factors, but few studies have examined the relationships between these 
factors. We studied populations of coastal cutthroat trout (Oncorhynchus clarki clarki) to 
explore the interaction of these factors through ecological time, and their effects on small, 
naturally isolated populations. We sampled fish from above and below migration barriers 
(waterfalls) exposed by isostatic rebound on 12 streams in southeastern Alaska. We 
examined eight microsatellite loci to investigate genetic variability within and among 
collections above and below the barriers. All of the above-barrier populations showed 
greatly reduced heterozygosity and allelic diversity when compared to any of the below- 
barrier collections. Furthermore, the amount of genetic diversity retained by isolated 
populations was highly correlated with the amount of habitat available. For the above­
barrier populations, we calculated effective population size from the reduction in 
heterozygosity observed, and compared this “genetic” population estimate with 
“demographic” population size estimates calculated from the amount of above-waterfall 
habitat. Estimates of effective population size were higher than what would be expected 
from the amount of habitat, but this may have been due to uncertainties in the data. Our 
results suggest that the amount of habitat available to a population is a key determinant of 
population persistence, not only for demographic reasons but for genetic ones as well.
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INTRODUCTION
Much of conservation biology deals with assessing and maintaining the viability 
of small populations. What Caughley (1994) termed the “small population paradigm” 
classifies the threats to the persistence of small populations into three categories: genetic, 
demographic, and environmental. While debate has raged over which of these categories 
is the more important, few studies have examined the relationships between them.
One reason for this deficiency is that completely isolated natural populations are 
hard to find. We know that even a single migrant per generation can be sufficient to 
forestall the loss of genetic variation (Mills & Allendorf 1996) and its deleterious effects 
(Newman & Tallmon 2001). Studies of apparently isolated populations of terrestrial 
vertebrates have frequently found that there is greater dispersal and consequently much 
less differentiation between populations than expected (e.g. Funk 2004; Tallmon 2001). 
Isolated populations can be created in the laboratory (Montgomery et al. 2000), but their 
responses lack the complexity of those in natural settings.
Freshwater fish provide some of the best examples of naturally isolated 
populations. Bedrock waterfalls that eliminate the possibility of upstream migration 
isolate the populations above them from the rescue effect of immigrants (sensu Brown & 
Kodric-Brown 1977). A number of studies have demonstrated that such isolated fish 
populations are genetically differentiated from those downstream (Carlsson & Nilsson 
2001; Castric et al. 2001; Costello et al. 2003; Currens et al. 1990; McGlashan & Hughes 
2000). We studied genetic and demographic characteristics of small, isolated populations 
of coastal cutthroat trout (Oncorhynchus clarki clarki) in southeastern Alaska. Many 
such populations, sometimes alone and sometimes sympatric with Dolly Varden
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(Salvelinus malma), have been isolated by uplift for thousands of years in this highly 
fragmented landscape, providing an unusual opportunity for replicated studies.
Our broad goal was to explore the interactions between genetic and demographic 
factors that threaten the persistence of small populations, using coastal cutthroat trout 
populations above and below permanent, upstream movement barriers. Our first 
objective was to use patterns of genetic variation to determine whether the above-barrier 
populations were indeed reproductively isolated. Second, for small populations that have 
been reproductively isolated for many generations, we tested whether the amount of 
genetic variation lost was correlated with population size and with length of isolation 
period. Finally, we examined whether the quantitative loss in genetic variation was 
similar to what we would expect for isolated populations.
MATERIALS AND METHODS
Area and Populations o f  Study 
The Alexander Archipelago is a long chain of islands that hug the coastline of the 
southeastern Alaskan panhandle between 54°40’ N and 58°30’ N. The archipelago 
covers approximately 500 km of latitude and 150 km of longitude, and it includes, by one 
estimate, over 22,000 islands (USDA Forest Service 1997). It is rugged, naturally 
fragmented terrain, partitioned by many steep-sided mountain ranges and deep, saltwater 
fjords. Compared to continental watersheds elsewhere in North America, the numerous 
island watersheds in the Alexander Archipelago are quite small. The longest island 
stream is only about 30 km long, excluding tributaries, and the majority of streams are 
less than 10 km in total length.
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During the Pleistocene, the Archipelago and the adjacent continental coast were 
almost totally covered with ice (Mann 1986), unlike the Beringian and Cascadian refugia 
to the north and south, respectively. It is unlikely that freshwater refugia were available 
to fish anywhere in southeastern Alaska. Late Pleistocene ice retreat in the region was 
largely complete by about 12,500 BP (Mann 1986), exposing many new streams for 
colonization from saltwater. Research on recently deglaciated streams in Glacier Bay 
(Milner & Bailey 1989; Milner et al. 2000) suggests that the lower reaches of such 
streams would nearly all have been colonized by anadromous salmonid fishes early in the 
Holocene. About half of the approximately 72,000 km of mapped streams in southeastern 
Alaska are presently considered fish-bearing (USDA Forest Service 1997), and most fish 
species present are widely distributed throughout the region (Morrow 1980). In the first 
few millennia following the retreat of the Cordilleran icesheet, isostatic rebound exposed 
geological discontinuities in the bed of many streams. These exposed waterfalls 
permanently blocked any upstream migration, and created isolated populations upstream.
We selected 12 streams in central southeastern Alaska with populations of coastal 
cutthroat trout upstream of permanent movement barriers (Figure 3.1). We generally 
avoided populations that had access to a lake upstream of the barrier because we wanted 
to focus on the smallest natural populations we could find Strictly stream-dwelling 
populations are likely to be much smaller than lake-dwelling populations. Also, lakes are 
more likely than streams to have experienced stocking or other forms of anthropogenic 
supplementation. The amount of above-waterfall habitat available to our stream-resident 
populations ranged from 1 to 28 km (Table 3.1). Bankfull width was typically about 5 m.
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In some cases, coastal cutthroat trout were the only fish found in the above-barrier 
portion of a stream, while in others, Dolly Varden were also present.
Sample Collection
We collected fin clips from coastal cutthroat trout below and above upstream 
movement barriers on eight streams. We collected above-barrier samples from a further 
four streams where we were unable to obtain satisfactory below-barrier samples, yielding 
a total of 12 above-barrier collections and eight corresponding below-barrier collections 
(Table 3.1; Figure 3.2). Of the four streams lacking comparable below-barrier 
collections, three were compromised by hybridization with rainbow trout (O. my kiss). At 
the fourth site (Leprechaun), we were simply unable to capture enough coastal cutthroat 
trout, despite making multiple attempts using a wide variety of sampling methods.
Approximately 30 fish at each site were captured using minnow traps, 
electroshocking, or hook and line. Fish were temporarily anesthetized using MS-222 or 
clove oil (Woody et al. 2002). A non-lethal fin clip (less than 0.25 cm2) was removed 
from the dorsal or anal fin (rarely, the adipose fin). Fin clips were stored at room 
temperature in 95% ethanol.
Overall, sample streams were chosen to represent a gradient in amount of above­
barrier habitat, ranging from small drainages that were apparently barely sufficient to 
support an isolated population, to drainages at least an order of magnitude larger in size. 
Fish from below barriers were sampled as close to saltwater as possible to increase the 
likelihood of sampling anadromous fish that would presumably be parted of a larger 
regional population or metapopulation, or at least those freshwater-resident fish that were
45
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
most likely to have recently exchanged genetic material with anadromous fish. Above 
barriers, we sampled fish throughout their available habitat in the smaller drainages, and 
at a centrally situated and apparently representative site in the larger drainages.
Microsatellite amplification and allele scoring
DNA was extracted using the Pure Gene® kit from Gentra following the 
manufacturer's instructions. Fin clips were removed from the ethanol and placed directly 
in the Gentra "cell lysis solution" to which 3 pl/600 ml protease (SIGMA) had been 
added. We amplified eight microsatellite loci in an MJ Research PTC-200 thermocycler 
(Table 3.2). Amplified products were size fractionated on 7% denaturing polyacrylimide 
gels and visualized using a Hitachi FMBIO-I1 flourescent imager. Product sizes were 
determined using MapMarkerLOW™ size standards (Bio Ventures Inc.) and Hitachi 
FMBIO software (version 8.0). Each gel also included previously amplified individuals 
to ensure consistent scoring across all gels. We developed three-locus multiplex sets for 
six of the loci, following the methods of Wenburg et al. (1996). The remaining two loci 
were amplified separately (Table 3.2).
All eight microsatellite loci were polymorphic in southeastern Alaskan coastal 
cutthroat trout (Table 3.2). One of our loci (Ocl3) had been previously published 
(Condrey & Bentzen 1998) as two independent loci (Ocl3 and Ocl4), but these are 
actually the same locus (i.e. the Ocl3 F primer aligns 72 bp further out on the template 
DNA than the Ocl4 F primer; confirmed by P. Bentzen, per s. comm.). We found Ocl3 to 
be the easier of the two to score.
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Hybridization with Rainbow Trout 
We screened all coastal cutthroat trout samples from below-barrier populations 
for evidence of hybridization with rainbow trout, using genetic markers derived from 
paired interspersed nuclear elements (PINEs, Spruell et al. 2001). We also randomly 
selected 10 fish from each above-barrier to screen for evidence of hybridization. PINE 
PCR conditions, electrophoresis details, and methods for scoring amplification products 
followed those described by Spruell et al (2001). We identified hybrids using four 
previously developed PINE markers (Hpal 5' / Hpal 3': 66bp and 70 bp; and Elpal 5' / 
33.6+2: 266 bp and 395 bp) shown to be diagnostic between rainbow trout and coastal 
cutthroat trout (Hitt et al. 2003; Kanda et al. 2002).
We detected evidence of hybridization between coastal cutthroat trout and 
rainbow trout in 3 of 11 below-barrier populations (Mason, Portage, and Hiller). In the 
populations where hybrids were detected, rainbow trout markers were common, despite 
our attempts to use visual characteristics (color of hyoid slash, length of maxillary 
extension) to exclude rainbow trout from our field samples. All three below-barrier 
populations showing evidence of hybridization were excluded from our analysis. No 
evidence of hybridization between rainbow and coastal cutthroat trout was detected in 
any of our above-barrier populations.
Genetic Data Analysis 
We used the computer program FSTAT version 2.9.3 (Goudet 2001) to test for 
significant allele frequency differences among all pairwise comparisons using the log- 
likelihood statistic G, and to screen for: (1) departures from Hardy-Weinberg proportions
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for each locus-population combination; (2) genotypic linkage disequilibrium between all 
pairs of loci within each population and for all populations pooled. Where required, the 
threshold for statistical significance (a  = 0.05) was adjusted for k simultaneous tests 
using the sequential Bonferroni method (a/k;(Rice 1989)). We also used FSTAT to 
calculate genotypic variation (allelic richness and expected heterozygosity) at each locus, 
for each population, and over all loci among all populations.
To explore population divergence, we calculated estimates of Fst and Fis with 
FSTAT, using the “weighted” analogues 0 s t  and ©is (Weir & Cockerham 1984). We 
looked at: (1) the divergence among the saltwater-connected, below-barrier populations, 
which are capable of exchanging migrants from time to time; (2) the divergence among 
the isolated, above-barrier populations; and (3) the average divergence between above- 
and below-barrier pairs in each stream. To estimate above-below divergence for the four 
unpaired above-barrier samples, we averaged the values of the divergence statistic 
between that above-barrier sample and each of the eight below-barrier samples.
An analysis of molecular variation (AMOVA; Michalakis and Excoffier 1996) 
was also conducted to further explore genetic population structure. AMOVA was 
performed using ARLEQUIN version 2.000 (Schneider et al. 2000). We contrasted the 
partitioning of variation among above-barrier populations, among below-barrier 
populations, and among above-below pairs in the same stream. Randomization tests were 
used to test whether F-statistics were significantly greater than zero.
We used STATISTICA version 6.0 (StatSoft 2001) to perform a principal 
components analysis o f allele frequencies, using the covariance method. The largest 
allele at each locus was omitted to account for the non-independence o f allele frequencies
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within a locus (Cavalli-Sforza et al 1993). STATISTICA was also used for all 
correlation and regression analyses.
Effective Population Size Estimated From Genetic Data
We calculated effective population size (Ne) from the loss in heterozygosity over 
time (Crow & Kimura 1970):
H0 is the initial heterozygosity and Ht is the heterozygosity at generation t. We 
estimated H0, the presumed heterozygosity of the common founding population for all 
above-barrier populations, as the average of He for all present below-barrier populations. 
For the first set of Ne estimates, we compared He for each above-barrier population with 
this estimated H0.
To determine the total amount of time since the populations were founded, we 
turned to recent geological evidence. We used radiocarbon dates for shell fragments 
from exposed, uplifted glaciomarine sediments to establish the-earliest time that land at 
different elevations could have emerged from saltwater. From a larger dataset of 65
N e = --------------------e 2 ( l - e a) (1)
where
(2)t
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radiocarbon-dated, exposed glaciomarine sediments, we selected the most recent date 
found in each 15 m vertical elevation band and regressed it on log-transformed elevation 
to produce a formula for predicting the time that a given elevation emerged from the sea 
during Holocene uplift (Figure 3.3; for more details see Hastings 2005, chapter 2).
We considered mean generation interval to be 3 years, since what little published 
evidence is available suggests that these fish spawn from age 2 to age 4 (June 1981, 
Nicholas 1978, Wyatt 1959). To estimate t for each isolated stream reach, we divided the 
estimated number of years since the elevation at the top of the barrier had emerged from 
saltwater by the estimated generation time for these fish.
Population Size Estimated From Demographic Data 
We estimated adult population size (N) for each sampled stream by multiplying 
average above-barrier adult fish density (adult fish/stream length) by the length of stream 
habitat above the barrier. We estimated the length of above-barrier habitat using the 
spatial database (GIS) of streams maintained by the Tongass National Forest (TNF). We 
summed the length (to the nearest 0.1 km) of all contiguous stream segments above the 
barrier that are of channel types considered to be fish-bearing (Paustian et al 1992). This 
was possible because all stream segments in the TNF GIS database have been channel- 
typed from aerial photographs, to a 0.1 km resolution. Accuracy of stream channel 
typing solely from photo interpretation is about 75% (S. Paustian, pers. comm.).
However, the accuracy of binary assignment to fish-bearing vs. non fish-bearing channel 
types is much higher. As well, ground-truthing has improved data quality to an 
unspecified degree for some parts of the original streams database. We then applied a
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multiplier to account for the fact that GIS-mapped habitat was less than the total amount 
of habitat in any system. The TNF GIS did not originally map stream segments that 
could not be inferred from aerial photographs, generally leaving out the smallest 
tributaries, and in addition GIS-mapped stream segment lengths are generally shorter than 
actual stream length because not every twist and turn is captured by the digitized stream 
representations in the GIS. To estimate the ratio of actual habitat to GIS-mapped habitat 
for our streams, we formally ground-truthed the total amount of habitat at one of our sites 
(Leprechaun) and informally estimated it at several others.
To determine average above-barrier adult fish density, we sampled the entire 
length of a single above-barrier stream (also Leprechaun). Fifty-meter reaches were 
consecutively sampled with baited minnow traps over a 12 day period in late summer 
2001, using a three-pass removal sampling design (Bryant 2000). We used Program 
CAPTURE (Rexstad & Burnham 1991; White et al. 1978) to generate an abundance 
estimate for the entire stream, summing the captures for each pass along the full length of 
the stream. We then divided the abundance estimate by the length of the stream to arrive 
at an estimate of density in terms of stream length (fish/m).
This whole-stream density estimate (Table 3.3) was compared with similarly 
derived point estimates taken from above-barrier reaches (mean length 125 m) in 23 
streams sampled annually by TNF for 1-5 years (USFS 2003, pp. 2-18, and unpublished 
TNF data for 2003 and 2). TNF chose to sample reaches with high quality habitat, so 
these density estimates were likely somewhat higher than densities in other stream 
channel types. We used the TNF estimates to evaluate whether our whole-stream density
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estimate was broadly representative of fish in similar settings, especially isolated stream 
reaches that did and did not contain sympatric populations of Dolly Varden char.
We chose to express fish density in terms of stream length rather than stream area, 
because measurements of stream length are more easily obtained than stream area. 
Estimated stream length was available for all streams in this study, but stream area was 
not. However, because we did know stream area for each of the reaches where fish 
density was sampled, for those reaches we compared density per area and per length, to 
test whether our choice to express fish density in terms of stream length would introduce 
a bias relative to density per stream area, for streams of this size.
RESULTS 
Genetic Variation Within Populations 
Tests for deviation from Hardy-Weinberg proportions were significant in 13 of 
160 (8%) cases (a = 0.05), distributed across 7 of 8 loci and 9 of 20 populations. Most 
of these cases (9 of 11) were heterozygote deficits. When a was adjusted for multiple 
comparisons (a = 0.0025 for simultaneous tests on 20 populations, or a = 0.00625 for 
simultaneous tests on 8 loci), significant heterozygote deficits were found in only 3 or 4 
of 160 cases, respectively. No one locus displayed consistent deviations from Hardy- 
Weinberg proportions, but one below-barrier population in particular (RGB) exhibited 
significant heterozygote deficits at 4 loci (2 when a was adjusted for multiple 
comparisons), as well as non-significant heterozygote deficits at all of the remaining loci.
Tests for genotypic linkage disequilibrium for each of 28 possible locus pairs in 
each population (w=20) were significant in 10 of 560 (2%) pairwise comparisons (initial a
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= 0.05, adjusted to 0.0018 for 28 simultaneous tests in each population). Again, eight of 
the ten significant combinations were found in the below-barrier RGB sample. These 
locus combinations were not the same as the significant locus combinations found for the 
remaining two populations. The most likely explanation for the deviation from Hardy- 
Weinberg proportions and the linkage disequilibrium observed in the RGB sample is that 
above-barrier fish emigrating over the barrier falls influenced the genetic makeup of the 
below-barrier sample.
Each of the above-barrier populations exhibited lower genetic diversity than any 
below-barrier population, in all cases and by all measures (Table 3.4, Figure 3.4). For the 
below-barrier populations (n = 8), average number of alleles per locus ranged from 3 
(Oneull) to 8 (Omy77). Allelic richness in below-barrier populations averaged 4.80 
across all populations and all loci. For the individual above-barrier populations (n = 12), 
average number of alleles per locus ranged from 2 (Oneull, Ocl2, Ogo8, and Oc/7) to 3 
(Sfo8, Omy77,Ogo4, and Ocl4), and allelic richness averaged 2.32 across all populations 
and all loci. Expected heterozygosities averaged across below-barrier populations for 
each locus ranged from 0.25 (O neull) to 0.77 (Omy77) and, overall, averaged 0.62. 
Expected heterozygosities averaged across above-barrier populations for each locus 
ranged from 0.19 (O neull) to 0.44 (Omy77) and, overall, averaged 0.32.
Genetic Divergence Among Populations
Significant allele frequency differences were detected among all pairwise 
comparisons for the 20 population samples at each locus and over all eight loci (p < 
0.0001). Fst among below-barrier populations was 0.099, similar to what Wenburg et al.
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(1998) found in anadromous coastal cutthroat trout populations in western Washington 
state. However, among the isolated, above-barrier populations F s t  was much greater 
(0.570). AMOVA produced identical values for F s t ,  and showed that for the below- 
barrier populations, most of the genetic variation (90%) is found within populations 
(Table 3.5). For the above-barrier sites, however, there was greater variation among 
populations than within (57% vs. 43%). All measures of genetic differentiation were 
significant (p < 0.00001). When populations in the same stream were grouped together 
(above vs. below), estimates of between-stream (Fcr~ 0.105) differentiation were less 
than differentiation within stream pairs (FSc = 0.287). That is, differentiation between the 
above- and below-barrier populations in the same stream was pronounced (Figure 3.5), 
even when compared to the differentiation between any two stream “groups” (a group in 
this case being the above-below pair for a single stream)..
We conducted a principal components analysis (PCA) of allele frequencies to 
examine patterns of genetic similarity, (Figure 3.6). As would be expected given the 
relatively low below-barrier Fst, all of the below-barrier populations are tightly clustered 
together in the PCA. On the other hand, the above-barrier populations are more loosely 
distributed in an apparently random fashion around the central cluster. This pattern of 
genetic variation is consistent with the expectation that genetic drift is driving the above­
barrier populations apart, while limited gene flow is maintaining a degree of homogeneity 
in the below-barrier populations.
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Correlation between Genetic and Demographic Characteristics o f Isolated Populations
Both measures of within-population genetic variation (expected heterozygosity 
and allelic richness) were strongly correlated with the log-transformed amount of habitat 
available to an above-barrier population (Figures 3.7a and 3.7b). The more space 
available to an isolated population, the greater was its retained genetic variation. These 
results were not surprising, since habitat length should correspond approximately to 
population size, which is a key determinant of maintenance of genetic variation in an 
isolated population.
The other factor that determines loss of genetic variation over time in an isolated 
population is the length of the period of isolation. We examined the residuals from each 
of the above habitat length regressions for correlation with isolation period, but no 
significant pattern was found.
When we directly compared estimates of effective population size from genetic 
and from environmental data, the correlation is strong (Figure 3.8). However, while the 
two estimates are of the same order of magnitude for the majority of our streams, they are 
clearly not identical for most streams nor overall (in other words, the slope of the 
correlation line is 1.6, rather than 1, and the intercept is at -1250, rather than 0).
Estimated Ne /N ratios varied among our streams from as low as 0.17 to as high as 
4.03 (Table 3.6). We found that the exceptionally high Ne /N ratios were all associated 
with our smaller populations (Figure 3.9). When the three outlier ratios greater than 1.0 
were removed, the average estimated Ne /N  we observed was 0.41, about twice what has 
been suggested for adult salmonids in general (Allendorf et al. 1997).
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DISCUSSION 
Above-Barrier Populations Are Isolated 
One of our fundamental objectives was to identify a set of isolated populations in 
which we could study the long-term effects of isolation. We demonstrated a consistent 
pattern of dramatically reduced genetic variation in our above-barrier populations, which 
would be highly unlikely if any of the above-barrier populations were exchanging genetic 
material with any other population. These results provide strong support for our 
assumption that the above-barrier populations have been completely, or at least largely, 
isolated, since it would take only an occasional immigrant to maintain gene flow among 
populations (Mills & Allendorf 1996).
The pattern of independent genetic drift exhibited by the set of above-barrier 
populations provides further support for this conclusion. If even a small amount of gene 
flow were occurring between the individual populations, at least some of the populations 
would tend to resemble others. Instead, the populations that stand out do so because they 
look less like the others, not more.
Genetic Variation is Strongly Correlated with Habitat Size 
We found genetic variation to be highly correlated with habitat amount for our 
above-barrier populations. Correlations between genetic variation and population size 
were reviewed by Frankham (1996), who found highly significant correlations across 
many taxa. Frankham (1996) tested correlation between genetic variation and a number 
of correlates of population size, including island size or “habitat island size,” and found 
genetic variation to be well correlated with the amount of available habitat, as we did.
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Frankham’s (1996) conclusions and our results confirm early observations by Soule 
(1976), a result predicted by population genetics theory (Wright 1969).
We were unsuccessful in detecting the direct influence of isolation period on 
genetic variation, although this relationship is also predicted by population genetics 
theory. The most likely explanation for why we were unable to detect the influence of 
isolation period was that all of our above-barrier populations have been isolated for very 
long periods. Because genetic variation decays exponentially with time, the differential 
influence of isolation period will be most pronounced early in the isolation process. For 
example, with an effective population size of 500 breeding adults, two-thirds of the initial 
genetic variation will, on average, be lost within 1000 generations. The populations we 
studied have been isolated 3 to 4 times longer than that, to a point where less than 95% of 
the initial genetic variation is expected to remain. The number of populations we 
sampled may simply not provide the power to detect small differences in the influence of 
isolation period after that length of time, particularly as our populations span more than 
an order of magnitude difference in the amount of habitat available.
Quantitative Loss o f Genetic Variation Over Time May Be Less Than Expected
While the correlation between genetic variation and the amount of habitat 
available to our isolated populations was high, the quantitative loss in genetic variation 
that we observed was less that what would be suggested from the amount of habitat. One 
way to compare the two estimates is to examine the ratio of effective population size to 
census population size (Ne/N). Frankham (1995b) reviewed 192 published estimates of 
N /N  in 102 species and found the average to be 0.11. In contrast, we observed a mean
57
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Ne/N of 1.01. The median N /N  we observed, which discounts the importance of a few 
very high estimates, was 0.43. In other words, our isolated populations “acted” larger, in 
terms of retaining genetic variation, than they appeared to be. Although N /N  ratios may 
actually have been this high in our populations, it is more likely that our estimated ratios 
of N /N  were biased by uncertainties in the parameters that went into them, especially 
those that were estimated rather than measured.
Our estimates of Ne depended on measured heterozygosities, and on estimated 
generation time and period of isolation. We estimated the length of time populations 
have been isolated from patterns of isostatic rebound (Hastings 2005, chapter 2).
Because regional variation in uplift was undoubtedly more complex than we were able to 
map from the available evidence, there is certainly some question about the exact time we 
assigned for emergence of each individual stream from saltwater, but there is no reason to 
expect a consistent bias overall. On the other hand, generation time has not been 
measured for stream-resident coastal cutthroat trout and our estimate of 3 years per 
generation may have been low. While other studies have found that coastal cutthroat 
trout in similar settings rarely live longer than 4 years (June 1981; Wyatt 1959), new data 
from southeastern Alaska suggest that fish in these settings may live for 10 years or more 
(K. Hastings, unpublished data). Were this the case, our estimates of generation time 
would be lengthened and hence the number of generations spent in isolation reduced. 
Consequently, we would expect less loss of genetic variation and a larger estimate of Ne. 
The proportional increase in Ne would be identical to the proportional increase in 
generation time, so for most of our isolated populations a generation time of 6 years
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would result in Ng/N ratios that are in accordance with what others have found. For this 
and other reasons, we plan to further investigate the age structure of these populations.
Our estimates of census population size (N) depended on measurements of habitat 
length and estimated fish density. In the shortest streams, we completely measured all 
available habitat, ruling out the possibility of substantial inaccuracies in habitat length. 
For larger drainages, where habitat length was measured using GIS data derived from 
aerial photo interpretation, any bias would most likely be towards underestimating true 
habitat length, since photointerpretation in forested settings tends to miss smaller 
channels, and since maps of stream channels tend to smooth out and shorten the twists 
and turns that the actual channel takes, a fractal effect. Were such a bias present, we 
would have seen a positive correlation between Ne /N  and habitat length, but no such 
correlation was observed.
The confidence interval on our fish density estimates from a wide variety of 
streams was quite narrow, and the estimates are similar to those for trout populations in 
headwater streams elsewhere (Hilderbrand & Kershner 2000). However, in the early 
Holocene when stream environments in the region were less hospitable, it is possible that 
fish densities may have been lower. If that were the case, we may have overestimated N  
for part of the isolation period, but this would bias Ne /N  ratios low, not high.
A higher than predicted Ne/N  can result when selection prevents a population 
from losing genetic variation at the rate predicted by Wright (1969). Also, our isolated 
coastal cutthroat populations are likely to be less fecund than anadromous salmonids, 
which could translate to relatively small fluctuations in population size and relatively 
large N JN ratios when compared to salmonids as a group (Kalinowski & Waples 2002;
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Vucetich et al. 1997; Waples 2002). Other factors that can affect N /N  include unequal 
sex ratios and variance in family sizes (Frankham 1995b). All of these, however, act to 
reduce, not increase, N /N .
Negative Correlation Between N /N  and N  
We observed a pattern of decreasing Ne/N  ratio with increasing census population 
size (TV). In other words, small populations appear to retain proportionately greater 
genetic variation than large populations. This pattern has also been reported in a few 
other species, according to several studies reviewed by Frankham (1995a; 1995b). These 
include Drosophila (Nozawa 1963, 1970), the red flour beetle Tribolium castaneum (Pray 
et al. 1996; Wade 1980), the moth Panoxia dominula (Wright 1969), and the plant 
Eichomiapaniculata (Husband & Barrett 1992). As Kalinowski and Waples (2002) 
have pointed out, this phenomenon deserves further investigation as it may influence the 
rate of genetic drift during population bottlenecks.
CONCLUSIONS
We identified a set of naturally isolated small populations ideal for exploring the 
predictions of the small population paradigm. Stream-resident coastal cutthroat trout 
above waterfalls in southeastern Alaska display greatly reduced genetic variation and 
adult population sizes as small as a few thousand individuals, yet at least some have 
managed to persist for thousands of generations. The correlation between genetic 
variation and habitat size in these populations is very high, underscoring the importance 
of reserve size in the preservation of small populations.
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Table 3.1. Sites where coastal cutthroat trout tissue samples were collected, 
rainbow trout alleles were detected, the number of fish with rainbow trout alleles 
is also given in parentheses. "Habitat above" is the length of fish habitat above 
the barrier. Isolation is the approximate length of time the population is believed 
to have been isolated, based on the elevation of the top of the barrier.
Barrier
Habitat Elevation Isolation 
Site Name________Site Code Sample Size Above (m) (m ASL) (yrs BP)
Duncan Above DNA 30 5,700 100 12,000
t t Below DNB 33 ~ — —
Dry Straits Above DSA 27 7,800 15 8,500
II Below DSB 21 — — —
Jenkins Above JEA 30 1,400 130 12,500
t t Below JEB 29 — ~ —
McHenry's Above MHA 22 1,500 52 10,500
t t Below MHB 26 — — - -
North Arm Above NAA 29 28,800 15 8,500
t t Below NAB 29 - - — —
Rugby Above RGA 29 3,900 14 8,000
t t Below RGB 20 — — —
Whitecap Above WCA 27 1,600 81 11,500
If Below WCB 31 — —
West Fools Above WFA 30 14,100 58 11,000
f t Below WFB 30 — — - -
Hiller Above HLA 20 20,000 38 10,000
t t Below* HLB 25 (14) ~ — —
Leprechaun Above LPA 30 2,000 138 12,500
Mason Above MAA 29 9,100 61 11,000
f t Below* MAB 40 (22) — — —
Portage Above POA 30 12,700 89 11,500
t t Below* POB 30(11) ~ — —
*Dropped from analysis because of presence of hybridization
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Table 3.2 Summary of microsatellite loci screened. Number of alleles and allele size 
ranges are for entire data set (N = 604). PCR details are provided for new multiplex sets
developed in this study.
Locus
Number
of
alleles
Allele size 
range (bp)
Primer
concentration
(PM)
Annealing
temperature
(°C) Reference
Sfo8‘ 14 188-236 0.375 56 Angers et al. 1995
Omy77] 19 102-142 0.450 56 Morris et al. 1996
O neull1 4 142-146 0.225 56 Scribner et al. 1996
Ogo42 13 120-152 0.375 58 Olsen etal. 1998
Ogo82 5 92-100 0.375 58 Olsen etal. 1998
Ocl22 13 116-158 0.375 58 Condrey and Bentzen 
1998
Ocll 5 140-156 0.375 60 Condrey and Bentzen 
1998
Ocl3 /  
Ocl4
11 58-90 0.375 55 Condrey and Bentzen 
1998
'First multiplex set 
2Second multiplex set
Table 3.3. Adult coastal cutthroat trout (CCT) density estimates for 17 above-barrier 
headwater streams, derived from 3-pass removal sampling. Density estimates are 
expressed in fish/linear m of stream habitat. DV = Dolly Varden char also present. 
Portions of USFS streams (80-227m per stream) were repeat sampled in "good" habitat 
from 1 to 5 times annually 1999-2003. Leprechaun Creek (LPA) was sampled 
continuously though its entire 2 km above-barrier section on a single occasion in 2001.
n Mean CCT Minimum Maximum
Source of data________Streams Samples density CCT density CCT density
USFS (all CCT streams) 16 64 0.46 +/- 0.07 0.01 1.22
USFS (CCT/DV streams) 12 45 0.47 +/- 0.09 0.01 1.22
USFS (CCT-only streams) 4 19 0.42 +/- 0.08 0.21 0.82
LPA (all habitat - 2150m) 1 1 0.35 +/- 0.01 — —
LPA ("good" habitat only - 850 m) 1 1 0.40 +/- 0.02 — -
LPA ("poor" habitat only - 1300 m) 1 1 0.32 +/- 0.02 — --
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Table 3.4. Genetic variation within above- and below-barrier populations. 
Heterozygosities and number of alleles reported for "all populations" are averages 
for the respective set of populations. Losses in He and allelic richness for each 
above-barrier population are as compared to the means for all below populations
pooled.
Mean Mean Mean Allelic Allelic Mean allelic
He He He lost richness richness richness
above below above above below lost above
DNA/ DNB 0.500 0.609 19% 3.38 4.69 30%
DSA/DSB 0.454 0.598 26% 2.83 4.90 41%
JEA/JEB 0.396 0.658 36% 2.37 5.54 51%
MHA/MHB 0.169 0.555 73% 1.46 3.94 70%
NAA/NAB 0.503 0.604 18% 3.62 4.74 25%
RGA/RGB 0.264 0.668 57% 1.74 4.54 64%
WCA/WCB 0.000 0.611 100% 1.00 4.88 79%
WFA/WFB 0.206 0.625 67% 1.84 5.18 62%
HLA 0.405 — 34% 3.06 — 36%
LPA 0.305 — 50% 1.96 — 59%
MAA 0.264 — 57% 2.03 — 58%
POA 0.345 — 44% 2.59 — 46%
All pops 0.318 0.616 48% 2.32 4.80 52%
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Table 3.5. Hierarchical gene diversity analysis of 20 coastal cutthroat trout populations. 
When samples were grouped by stream, only streams with both above- and below-barrier 
samples were included. Asterisk (*) denotes P < 0.00001 that the value of the F-statistic 
is not greater than zero. CT = between streams; SC = within streams.
Grouping Strategy Source of Variation a 2
Percent 
of Total F st F c t F sc
Below only Total 2.347 100.00
(8 populations) Within populations 2.114 90.07
Among populations 0.233 9.93 0.099*
Above only Total 2.503 100.00
(12 populations) Within populations 1.077 43.03
Among populations 1.426 56.97 0.570*
By stream Total 2.485 100.00
(paired streams Within populations 1.586 63.82
only -- 8 groups) Among populations 0.899 36.18 0.362*
Among streams 0.262 10.54 0.105*
Between populations 0.637 25.64 0.287*
in the same stream
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Table 3.6. Independent estimates of population size for isolated cutthroat trout 
populations from genetic and from environmental data. Ne is based on an estimated loss 
in heterozygosity of l/2Ne per generation. Census N is estimated by multiplying the 
amount of habitat by estimated fish density.
Site Code Ne from He Census N Ne/N
DNA 10,068 20,710 0.49
DSA 5,051 5,443 0.93
JEA 3,931 977 4.03
MHA 1,497 648 2.31
NAA 7,637 20,150 0.38
RGA 1,469 2,706 0.54
WCA 221 1,110 0.20
WFA 1,647 9,867 0.17
HLA 3,991 14,000 0.29
LPA 2,966 1,400 2.12
MAA 1,885 6,388 0.30
POA 3,342 8,900 0.38
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Figure 3.1. Typical bedrock waterfall that forms a complete and permanent barrier to 
upstream fish migration. For scale, note the person to the right of the base of the falls.
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Figure 3.2. All study sites were located between 56°N and 57°N in the central portion of 
coastal southeastern Alaska.
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Figure 3.3. Isolation time in years related to log-transformed elevation (r2=0.92; p < 
0.001). Point labels are elevation in meters ASL. Isolation times are the ages of the 
youngest known uplifted marine sediments from each 15m vertical elevation stratum 
regionwide.
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Figure 3.4. Within-population genetic variation for coastal cutthroat trout populations. 
Open bars are the below-barrier (non-isolated) populations and closed bars are the above­
barrier (isolated) sample from the same stream, (a) Mean heterozygosity for each 
population, (b) Mean number of alleles per locus for each population.
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Figure 3.5. Relative differences in genetic variation between above- and below-barrier 
population pairs. ANADROMOUS represents the pooled below-barrier anadromous 
population. Diameter of each circle is proportional to expected heterozygosity in the 
corresponding above-barrier population. Length of each connecting line is proportional 
to F s t  between the above- and below-barrier population for that stream.
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Figure 3.6. Principal components analysis of allele frequency variation between sites. 
Solid dots represent below-barrier populations and open dots are above-barrier 
populations, (a) PCI (explains 25.4% of variation) vs. PC2 (explains 18.2%). (b) PC3 
(explains 14.8%) vs. PC4 (explains 11.6%)
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Figure 3.7. (a) Correlation between allelic richness and habitat length for 12 isolated 
populations, (r = 0.83). (b) Correlation between expected heterozygosity and habitat 
length (r = 0.65). Dotted lines represent 95% confidence interval.
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Figure 3.8. Correlation between two estimates of effective population size (Ne) for 12 
isolated populations of coastal cutthroat trout (r = 0.80). Genetic estimate is calculated 
from loss in heterozygosity. Demographic estimate is calculated from habitat length and 
fish density, assuming Ne/N = 0.2. Dotted lines represent 95% confidence interval.
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Figure 3.9. Ne/N ratio related to the length of habitat available to an isolated population. 
Dashed line indicates the median observed Ne/N ratio.
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CHAPTER 4 -  Long-Term Persistence of Small Isolated Fish Populations
ABSTRACT
We examined the conditions under which small, naturally isolated populations of 
stream-resident salmonids appeared to persist or fail in order to better understand the 
mechanisms that determine likelihood of persistence. We sampled pristine habitat above 
waterfalls in southeastern Alaska, where post-Pleistocene uplift has left many stream- 
resident populations of coastal cutthroat trout (Oncorhynchus clarki clarki) and Dolly 
Varden (Salvelinus malma) completely isolated from immigrants for thousands of 
generations. In 124 sites sampled, we found a 90% likelihood that populations of coastal 
cutthroat trout or Dolly Varden would be present when there was more than 5.5 km of 
linear habitat available, even with no lakes or ponds to buffer them from environmental 
extremes. Conversely, there was a less than 50% likelihood of finding either species 
present in streams with less than about 1.5 km of habitat. The upper threshold 
corresponds to an effective population size (Ne) of 440, which provides strong empirical 
support for the popular rule of thumb that recommends a minimum Ne of 500 to ensure 
long-term population persistence. The minimum habitat length required to support Dolly 
Varden populations appeared to be 65%-75% less than for coastal cutthroat trout; Dolly 
Varden was often the only species present in the smallest inhabited streams.
Furthermore, Dolly Varden consistently achieved much higher densities when no other 
fish species was present than did coastal cutthroat trout. When both species were present, 
there was little difference, on average, in their densities, and the presence or absence of 
Dolly Varden seemed to have little effect on the density of coastal cutthroat trout.
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Minimum adult census population sizes based on these density measurements were on the 
order of a few thousand individuals. The greater densities achieved when Dolly Varden 
were the only species present suggests that their population size is suppressed in the 
presence of cutthroat trout, presumably due to competition. Our results show that some 
small populations can persist in isolation in quite restricted habitat fragments, although 
over thousands of years they have measurably higher vulnerability to extinction than 
populations in larger fragments. For Dolly Varden in particular, that isolation from other 
species may play a role in enhancing persistence. We propose that species interactions 
may play a role in population persistence for other species of trout and char as well, and 
that disturbance-adapted salmonids may be able to persist in smaller amounts of isolated 
habitat than has been previously suggested. From a management standpoint, isolation 
within highly restricted geographic areas makes these populations of interest not only for 
their extinction risk, but also because they hold potential to be valuable indicators of the 
effects of localized anthropogenic development.
INTRODUCTION
While the extirpation of small populations is generally a stochastic process,
Brown (1995) has argued that it is possible to identify factors that favor the probability of 
extirpation or extinction. In addition to stochastic events, there are deterministic factors 
that lower survival or growth rates in predictable ways. Rieman et al. (1993) have 
reviewed extinction processes as they relate to salmonid fishes. Destruction of spawning 
habitat, for instance, means that fewer fish will be able to find a place to spawn 
(assuming full utilization of the resource). The consequent reduction in population size
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increases vulnerability to stochastic processes such as genetic drift and catastrophic 
environmental disturbance. While they are not predictable, stochastic events are not 
uncommon. Populations that are not threatened in other ways normally recover from all 
but the most catastrophic of stochastic events. However, populations that are small, 
either due to prior stochastic events or deterministic processes, are at increased risk of 
extinction from the next stochastic event. This is what Caughley (1994) termed the 
“small population paradigm”.
How small is small? This question was addressed from a genetic perspective in 
Soule and Wilcox (1980), where the so-called 50/500 rule of thumb for short- and long­
term population persistence first appeared. This rule of thumb states that an effective 
population size (Ne) of 50 is required to avoid inbreeding depression in the short term, 
while an Ne of 500 individuals is needed to retain evolutionary potential over the longer 
term (Franklin 1980). Subsequent debate has produced estimates of effective minimum 
viable population size of between 500 (Franklin & Frankham 1998) and 5000 (Lynch & 
Lande 1998), but again these theoretical numbers are derived only from the desire to 
retain some specified level of genetic variation. Other ecological factors, such as the 
spatial extent of the habitat a population occupies, its location relative to key disturbance 
events, the presence of possible refugia from disturbance, and conditions in its 
environment that may increase the frequency, magnitude, or spatial extent of 
disturbances, might be of equal or greater importance in determining the persistence of 
population isolates.
The effects of environmental and demographic stochasticity are more specific to a 
particular population in a particular setting, as they depend on population-specific vital
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rates and site-specific environmental disturbance regimes. While environmental and 
demographic stochasticity can be modeled (Morris & Doak 2003; Shaffer 1981), it is 
rarely easy to obtain parameters for such models, making it difficult to know how 
realistic the models are (Beissinger 2002). If it is difficult to parameterize a model for a 
single population, it is that much more difficult to model extinction risk for a number of 
populations when setting priorities for conservation. What is sorely needed is a way to 
quickly identify which populations, of many, are closest to the edge. Is it necessary to 
understand all the factors that influence persistence and how they interact, or are there 
key indicators that will do the job?
Freshwater fish populations, as a group, are particularly threatened by 
anthropogenic development (Martin-Smith & Laird 1998; Warren & Pardew 1998). 
Development often centers on areas adjacent to water bodies, and runoff carries its 
products into fish habitat, where they are concentrated and degrade the quality of the 
habitat for fish. Alteration of riparian vegetation changes environmental characteristics 
in streams and rivers and reduces the supply of cover, food, and other key determinants 
of habitat value. Intentional fragmentation of fish habitat by dams, and unintentional 
fragmentation by poorly designed road crossings (Trombulak & Frissell 2000), is 
common. Because salmonids diverge relatively rapidly into subspecies and populations 
(Waples 1991), many distinct populations have been impacted and are potential 
candidates for conservation measures (Baker et al. 1996; Johnson et al. 1999; Schmidt 
1997; Slaney et al. 1996; Stouder et al. 1997). There is a profound need for guidelines to 
identify which populations are at highest risk of extinction.
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Population extinction is a stochastic process that takes an indeterminate but 
usually lengthy time to occur and thus to study, yet the need for guidelines for prioritizing 
salmonid conservation is immediate. To shortcut this constraint, we sought to examine 
natural extinction processes already underway. In southeastern Alaska, numerous small 
populations of resident salmonids have already been isolated for many generations by 
isostatic rebound. These populations were founded from saltwater early in the Holocene 
when the ice that covered the entire region during the Pleistocene first receded. As the 
land rebounded from the weight of the ice, geological discontinuities were often exposed 
as streams emerged from saltwater. These exposed bedrock waterfalls prevented further 
immigration to upstream populations, and created a widely replicated natural experiment 
in the long-term persistence of isolated fish populations (Hastings 2005, ch. 2).
We investigated the extent to which the likelihood of persistence of an isolated 
population could be predicted from easily measured ecological variables, particularly the 
amount of available habitat. For naturally isolated populations of stream-resident coastal 
cutthroat trout (Oncorhyncus clarki clarki) and Dolly Varden (Salvelinus malma) in 
southeastern Alaska, we asked these questions: (1) what are the most restricted settings in 
which isolated populations are known to have persisted; (2) how well is population 
persistence predicted by the amount of habitat available, for each species; (3) does a 
longer isolation period increase the amount of habitat required for the same likelihood of 
persistence; and (4) does the presence or absence of another salmonid species affect the 
likelihood of population persistence. Unlike much of the remainder of North America, 
headwater streams in southeastern Alaska have been little subject to fish stocking, 
presenting a uniquely unencumbered opportunity to draw inference from a regional-scale
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study o f natural population occurrences. While the study area is not entirely pristine, the 
relatively limited history of natural resource development and environmental alteration 
by dams further reduces the complexity of interpreting patterns in population occurrence 
when compared with studies of more anthropogenically altered ecosystems.
METHODS
We identified settings in which natural fish populations had been established and 
subsequently isolated in small subdrainages for many generations. In southeastern 
Alaska, such settings are relatively numerous, where small amounts of suitable fish 
habitat are found upstream of permanent and complete migration barriers (bedrock 
waterfalls). The habitat above these waterfalls was accessible from saltwater after the 
retreat of ice in the late Pleistocene, but fish populations there became isolated from 
potential immigrants when post-Pleistocene isostatic rebound exposed geological 
discontinuities in the stream channel (Hastings 2005, ch. 2). Where fish were absent 
from suitable habitat above a permanent upstream movement barrier, we assumed that an 
isolated population there had failed to persist. For settings with and without present-day 
fish populations, we then collected data about the conditions that appeared to support or 
limit longterm population persistence.
Study Design
We visited sites upstream of bedrock waterfalls throughout the study area to 
evaluate fish species presence and watershed characteristics (Figure 4.1). Each sample 
site consisted of the entirety of the contiguous habitat available to an isolated population
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of fish living upstream of a permanent and complete movement barrier. We defined 
“suitable habitat” for resident salmonids to be any stream channel less than 25% gradient 
that would have been continuously connected to saltwater at the end of the Pleistocene, 
prior to the start of Holocene uplift. Lakes and ponds provide a refuge from stressful 
environmental conditions and, at least at low elevations in southeastern Alaska, are 
almost universally associated with persistent fish populations regardless of the amount of 
attached stream habitat. In order to focus on the most limiting conditions for population 
persistence, streams with connected lakes were excluded from this study.
We sampled widely at both high and low elevations and in small and large 
drainages. The high cost of logistics required us to be somewhat opportunistic in 
selecting study sites. In addition, we followed an adaptive sampling process, deliberately 
filling holes along the spectrum of drainage sizes as the study progressed. We especially 
concentrated on identifying and examining streams where isolated populations had 
apparently been extinguished by natural causes (i.e. apparently suitable but presently 
unoccupied habitat above a waterfall), since this was simultaneously the stratum of 
greatest interest and of most limited occurrence. As with other studies that use incidence 
functions to draw conclusions about population persistence (Dunham & Rieman 1999), 
our analytic approach was less dependent on the even spatial distribution of sample sites 
than on the distribution of adequate numbers of samples along the gradients of factors 
expected to exert a strong influence on persistence.
Potential sample sites were initially identified using two regional spatial databases 
(GIS) that described stream reach morphology and the locations of movement barriers, 
respectively. The stream reach database was previously developed for the Tongass
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National Forest by interpreting stereo pairs of aerial photographs (USDA Forest Service 
1992). Channel segments of 100 m or longer were assigned to a geomorphological 
channel type according to a classification scheme that allowed potential fish habitat to be 
easily distinguished from reaches too steep to support any fish populations. All streams 
visible on aerial photographs were mapped; in practice this meant that channels as narrow 
as 1 m were mapped, but the upper extents of many streams were obscured by vegetation 
and not detected unless they were sufficiently incised to be apparent from the 
surrounding landform. Thus the database contains most, but not all, fish habitat in 
southeastern Alaska.
For the second spatial database, we compiled information about nearly 1000 
potential upstream movement barriers from a variety of sources. We reviewed all stream 
surveys published for southeastern Alaska (dating back to 1959) by state and federal 
biologists seeking to identify the upstream limit of anadromous fish presence, generally 
some form of upstream movement barrier. In addition, many barriers were identified by 
visual interpretation of stereo aerial photographs as part of the process of validating the 
Tongass National Forest stream channel type classification (USDA Forest Service 1992). 
Finally, we interviewed biologists and hydrologists from each Ranger District of the 
Tongass National Forest, several offices of the Alaska Department of Fish and Game, and 
both of the Regional Aquaculture Associations that serve southeastern Alaska.
Using these two spatial databases, we generated an initial list of almost 600 
locations in the central third of southeastern Alaska where there appeared to be fish 
habitat above a potential barrier. We screened out locations where the elevation at the 
top of the barrier was believed to be too high to have permitted post-Pleistocene
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colonization (Hastings 2005, ch. 2). We avoided sites with more than one barrier below 
the maximum colonizable elevation, because of the expectation that the dynamics of 
persistence would be more complex for subdivided populations than for single 
populations. To avoid the confounding effects of anthropogenic developments on 
population persistence, we generally focused on watersheds with no history of industrial- 
scale human disturbance (e.g. timber harvest, mining, or roads).
In our definition of barriers, we did not include beaver dams, tidal barriers, 
velocity barriers, manmade barriers, or generally anything other than a natural bedrock 
streambed at a high enough gradient to block upstream passage by adult steelhead 
(Oncorhynchus mykiss), the life stage and species among the anadromous fish species 
found in the region that has the greatest capacity to surmount upstream movement 
barriers (USDA Forest Service 2001a). USDA Forest Service (2001a) defines what 
would be required to stop passage of an adult steelhead. Three criteria are given: (1) a 
vertical falls of more than 13’ in height, where vertical is defined as at least a 70° slope; 
(2) a steep channel (not vertical) where a 24% gradient is sustained for at least 25’, or a 
12% gradient for at least 225’, without resting places en route; or (3) a vertical falls more 
than 4’ but less than 13’ that lacks a plunge pool at the base whose depth is at least 1.25 
times the height a fish must jump to surmount the barrier. In most cases, barriers on the 
streams we sampled fit the first criterion (Figure 4.2).
Upstream movement barriers are not necessarily downstream movement barriers, 
and we are unaware of any criteria for what would constitute a downstream movement 
barrier. Undoubtedly some fish from the populations we sampled do successfully 
descend waterfalls, but in this study we were not concerned with the fate of emigrants,
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only that the populations isolated above barriers had no contact with immigrants. As 
reported elsewhere (Hastings 2005, chapter 3), we used genetic evidence to confirm that 
populations above upstream movement barriers fitting the criteria above showed no 
evidence of interbreeding with immigrants from downstream populations over many 
generations.
We estimated the time each above-barrier population became isolated from 
radiocarbon dates for shell fragments found within or above uplifted glaciomarine 
sediments at various elevations throughout southeastern Alaska (Hastings 2005, ch. 2). 
The time of deposition of the sediments establishes the maximum amount of time that 
could have elapsed since a site at that elevation emerged from the sea.
Data Collection
We visited sample sites with three goals in mind: (1) to verify the presence of a 
complete barrier with a habitable stream reach above; (2) to establish which fish species, 
if any, were present above the barrier; and (3) to collect information about the amount 
and quality of the habitat above the barrier. Barrier verification was done by taking 
physical measurements according to the barrier criteria described above (USDA Forest 
Service 2001a). Fish presence was initially assessed by DC backpack electroshocking. If 
no fish were detected by electroshocking, we further tested for fish presence using at least 
25 minnow traps, baited with salmon eggs. Traps were set throughout the entire length of 
above-barrier habitat and left to soak overnight. We surveyed the entire length of fish 
habitat above the barrier on foot when the length did not exceed 1.5 km. In larger 
drainages, fish habitat length was estimated using the GIS database of stream reaches.
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We estimated the density of cutthroat trout and Dolly Varden in 24 streams 
annually for up to six years. Density was estimated by three-pass removal sampling 
using minnow traps baited with salmon eggs (Bryant 2002). Many of these estimates 
were conducted by the U.S. Forest Service as part of its annual monitoring program to 
detect impacts of timber harvest and road building on resident fish in the Tongass 
National Forest (USDA Forest Service 2000, 2001b, 2002c, 2003). These were point 
density estimates for representative, above-barrier stream reaches between 70m and 
170m long.
Additional Presence-Absence Data
We augmented our fish presence dataset by incorporating sites used for resident 
fish population monitoring as part of the Tongass National Forest annual monitoring 
program (USDA Forest Service 2000,2001b, 2002c, 2003). While we were rarely 
comfortable accepting an assessment of fish absence that we did not verify, we did 
incorporate records of fish presence above barriers in roaded watersheds from the so- 
called “road condition surveys” (RCS) conducted by the Tongass National Forest. At 
each location where a road crosses a stream with fish-bearing potential, RCS teams 
collect data about fish presence and stream channel characteristics to evaluate the 
adequacy of fish passage at road-stream crossings. From a database of over 3200 
locations where roads crossed fish habitat, we identified over 500 sites where a barrier 
was believed to exist downstream of the road crossing. We also added to our verified 
fish presence dataset 16 streams that are being used by the Tongass National Forest to 
monitor annual trends in population and habitat for resident fish above barriers. Both the
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barrier and species presence information for these streams was field-verified following a 
protocol equivalent to our own.
Data Analysis
All statistical tests were conducted using Statistica V 6.0 (StatSoft Inc.). We used 
logistic regression to predict the probability of persistence as a function of available 
habitat and isolation period. Habitat amount was log-transformed to correct for non­
normal distribution of sample sites along the habitat amount gradient. We chose base-2 
logarithms to simplify the interpretation of results (an increase of 1 in the log- 
transformed value represents a doubling of the untransformed habitat amount).
RESULTS 
Presence/Absence o f Fish Populations 
We assessed fish species presence above permanent waterfalls in 124 streams 
(Figure 4.1). We field-verified presence/absence and barrier characteristics for 66 (53%) 
of these streams. Data for the remaining 58 streams came from field surveys conducted 
by the Tongass National Forest (TNF) and were screened but not field-verified by us.
We accepted most TNF assessments of fish presence, but few TNF assessments of fish 
absence unless we were able to verify them ourselves. That meant that the ratio of 
streams with fish absent to streams with fish present was much higher in the verified 
dataset (20:46) than in the unverified dataset (9:49). However, for streams where isolated 
fish populations were detected, the relative percentages of streams with only Dolly 
Varden, only coastal cutthroat trout, or both species present did not differ between the
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two datasets (Figure 4.3). Because the two species are generally easily detected and 
distinguished, and because no species bias was detectable in the unverified dataset, we 
merged the two datasets (verified and unverified) for our analyses.
The length of above-barrier habitat at our sites varied from 200 m to 50,100 m 
(Figure 4.4). No fish were found in 29 (23%) of the 124 streams we sampled. (Because 
the proportion of fishless streams we report was strongly biased upward by our sampling 
scheme, this number should not be taken to represent the actual percentage of fishless, 
isolated streams.) Both coastal cutthroat trout and Dolly Varden were present in 33 
(27%) of the streams, only coastal cutthroat trout in 21 (17%) of the streams, and only 
Dolly Varden in 41 (33%) of the streams. We found isolated Dolly Varden in streams as 
short as 415 m long. Isolated coastal cutthroat trout populations were found in streams as 
short as 700 m. The longest fishless stream we found had 2300 m of habitat above the 
barrier. One or both species were generally present in streams with 2 km or more of 
habitat, and generally absent from streams with less than about 1.5 km of habitat. The 
threshold zone of 1.5-2 km for fish presence-absence did not differ substantially among 
streams where only coastal cutthroat trout, only Dolly Varden, or both species were 
present, except that the smallest streams had only Dolly Varden present and the largest 
streams nearly always had both species present.
There was a greater than 50% likelihood of finding at least one species present in 
streams longer than about 1 km, and a 90% likelihood of finding fish present in streams 
over 4.4 km long (Table 4.1, Figure 4.5). Slightly less habitat was required for a given 
likelihood of finding Dolly Varden than for coastal cutthroat trout. More habitat was 
required to support both species in sympatry than to support either species alone (Table
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4.2). When comparing streams with only Dolly Varden and streahis with both Dolly 
Varden and coastal cutthroat trout, almost 10 km of habitat was required for a better than 
50% likelihood of finding the two species together. Coastal cutthroat trout were less 
likely to be found alone; only 2 km of habitat were required for a better than 50% 
likelihood of finding Dolly Varden in the same stream.
Isolation Period
Estimated isolation periods ranged from 5,400 to 13,100 years (median 11,000 
years). Adding isolation period to the overall logistic regression model did not add 
significantly to the power to predict population persistence for either species. However, 
when we considered only the smallest populations, there was a positive correlation 
between the length of the isolation period and the amount of habitat required to sustain a 
fish population (Figure 4.6). Our definition of “smallest populations” included all 
populations from streams no longer than the longest verified fishless stream (2,300 m), 
which coincided with the lower quartile of all streams where fish were found above 
barriers. This set comprised 22 streams, 10 of which contained coastal cutthroat trout and 
17 of which contained Dolly Varden. The correlation between length of isolation period 
and habitat required for persistence of at least one species was significant (r = 0.52, p = 
0.01). Looking at the species individually, the correlation was weaker but still detectable 
(for coastal cutthroat trout, r = 0.58 and p = 0.06; for Dolly Varden, r = 0.47 and p =
0.06). These relationships were not simply due to shorter streams being found at higher 
elevations, as the correlation between habitat length and elevation was not significant for 
the set of all sampled streams less than 2400 m long (r = .19, p = .19).
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Species Composition 
Coastal cutthroat trout were present in 54 (44%) of streams, while Dolly Varden 
were present in 74 (60%) of streams. Where coastal cutthroat trout were found, 39% of 
the time they were the only species present. In contrast, Dolly Varden were not only 
more common, they were also more likely to be the only species present where they were 
found (55% of streams containing Dolly Varden). With one exception, these two species 
were the only ones we found above waterfalls in streams (not connected to lakes) in 
southeastern Alaska. The exception was a single isolated population of western brook 
lamprey (Lampetra richardsoni) sympatric with both coastal cutthroat trout and Dolly 
Varden in a relatively large mainland drainage.
Fish Density
Adult cutthroat trout density ranged from 0.01 to 1.29 fish/m (mean: 0.47 +/- 0.08) over 
53 sampling occasions in 11 streams where Dolly Varden were also present, and from 
0.19 to 0.82 fish/m (mean: 0.39 +/- 0.08) over 23 sampling occasions in the four streams 
from which Dolly Varden were absent (Figure 4.7). The density of adult Dolly Varden 
ranged from 0.02 to 1.10 fish/m (mean: 0.34 +/- 0.07) over 50 sampling occasions in the 
11 streams where cutthroat trout were also present, and was lower than the density of 
cutthroat trout in 10 of those streams. However, in nine streams where cutthroat trout 
were absent, Dolly Varden densities were much higher, ranging from 0.34 to 5.42 fish/m 
over 29 sampling occasions, with a mean of 1.84 +/- 0.51 fish/m. We express fish 
density as fish/m rather than fish/m2. However, we found high correlation (r = 0.89 for
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Dolly Varden and r = 0.90 for coastal cutthroat trout, p = 0.00 for both) between the two 
measures in 24 small streams where both length and area of sampled habitat were known. 
Adult, stream-resident coastal cutthroat trout and Dolly Varden in southeastern Alaska 
are typically about 80 -  120 mm fork length in size (Figure 4.8) and do not exceed about 
205 mm.
DISCUSSION 
How Small is Small?
We found populations of both coastal cutthroat trout and Dolly Varden persisting 
in less than a kilometer of stream, despite having been isolated for thousands of 
generations. Our density measurements suggest that the smallest populations we 
identified number about 600 adult fish (Table 4.3). This minimum observed population 
size was approximately the same regardless of species and of whether just one or both 
species were present, suggesting that stream carrying capacity for these resident 
salmonids could be relatively species-independent. Looking more broadly at our 
presence-absence data, we estimated that populations would consist of 1000-3000 adult 
fish in streams where the amount of habitat is equal to the length threshold corresponding 
to a 50% likelihood of long-term persistence. The variation in range is due to our 
observation that Dolly Varden populations in the absence of other fish species are denser, 
and thus larger, than coastal cutthroat trout populations or Dolly Varden populations 
sympatric with coastal cutthroat trout.
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How Well Does Habitat Amount Predict Population Persistence?
We found a very strong correlation between amount of habitat available and the 
likelihood of population persistence, as have others (Dunham & Rieman 1999; Koizumi 
& Maekawa 2004; Morita & Yamamoto 2002). However, we also found a distinct 
threshold zone between 1.5 km and 2.0 km of stream length. It appears that population 
persistence is nearly assured for stream-resident cutthroat trout and Dolly Varden in 
southeastern Alaska when a population has access to at least 2.0 km of stream, yet is 
highly unlikely in less than 1.5 km of habitat. Habitat quantity is likely to be correlated 
with a number of factors that influence population persistence. Assuming that population 
size is constrained by available habitat, they include the demographic and genetic 
stochasticity that are the consequences of small population size (Frankham 1996; Gilpin 
& Soule 1986). In addition, very small amounts of habitat may not include some of the 
habitat heterogeneity found in the larger landscape. If a type of habitat required for a 
particular life history stage is missing or in short supply -  deep pools, for instance -  the 
carrying capacity of a given amount of habitat may be reduced (Dunning et al. 1992). 
Larger drainages are more likely to include off-channel ponds, a critical overwintering 
habitat for juvenile salmonids (Swales & Levings 1989, M.D.Bryant pers. comm.).
Others have suggested that somewhat larger amounts of habitat are needed to 
sustain isolated populations of stream-resident salmonids than the 5.5 km we observed 
for a 90% likelihood of persistence. Hilderbrand and Kershner (2000) concluded that 8- 
25 km of stream were necessary to support a minimum viable census population size of 
2,500 inland cutthroat trout in small streams, assuming fish densities similar to what we 
observed. Harig and Fausch (2002) looked at the short term persistence (1-31 years) of
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translocated populations of inland cutthroat trout (O. c. stomias and O. c. virginalis) and 
found that a watershed area of more than 14.7 km2 was required to predict a greater than 
50% probability of finding a thriving population of cutthroat trout at 3-31 years (median 
13 yrs.) after translocation. Leopold et al. (1964) provide a general allometric 
relationship between channel length and drainage area:
L -  1.4 A 0’6 (1)
where L is length in miles and A is area in square miles. Using this formula to predict 
channel length from drainage area, the threshold suggested by Harig and Fausch (2002) 
would correspond to about 6.4 km of stream. That requirement is again greater than the 
amount of habitat that we found was needed for persistence over a much longer period. 
Short-term persistence of stream-resident salmonids was studied empirically by Morita 
and Yamamoto (2002), who examined populations of white-spotted char (S', leucomaenis) 
isolated above dams built in the previous 50 years. They concluded that the minimum 
watershed size needed to maintain a population over this period was 2.3 km2, equivalent 
to about 2.1 km of linear stream channel.
Our study was the first in which the long-term persistence of stream-resident, 
headwater salmonid populations was inferred from empirical data unencumbered by 
complications due to extensive human alterations of the landscape. Such alterations not 
only affect the quantity, quality, and connectivity of habitat patches in complex ways, but 
they may also result in competitive displacement or genetic disruption of populations by 
the introduction of non-native or hatchery fish. Furthermore, the populations we studied
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are highly unusual among salmonids, even in southeastern Alaska, in being free of human 
harvest pressure. The smaller amount of habitat that appears to be required to sustain fish 
populations in southeastern Alaska when compared to the contiguous United States could 
easily be a result of the absence of these kinds of anthropogenic disturbance. There are 
other possibilities. Regardless of human influence, the headwater stream environment in 
southeastern Alaska may be more stable, or at least less less stressful to fishes. 
Disturbance regimes in southeastern Alaska are primarily storm-driven and relatively 
small scale. It is rare, for instance, for an entire landscape to be returned to a state of 
primary succession, as sometimes occurs with catastrophic wildfires in the western 
United States. Stochastic environmental events such as a heat wave or drought can force 
populations through bottlenecks, and these may be less common, or less extreme, in 
southeastern Alaska. Importantly, it is when multiple stochastic events occur 
sequentially or concurrently that population persistence is most threatened. The greater 
number of potential stressors for headwater fish populations in the contiguous United 
States could help to explain why these populations might be more vulnerable than the 
ones we studied. We strongly caution against extending the specific results of our study 
to other regions without first accounting for these differences.
Isolation Period
We would expect the likelihood of population persistence to decrease over time, 
all other factors being equal, because of the stochastic nature of extinction processes. In 
this study, we did find evidence of this relationship. Populations at higher elevations 
would have been isolated longer, and we found fewer small populations as barrier
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elevation increased. An alternate hypothesis for why more habitat might be needed at 
higher elevations would be that larger and deeper streams would be required to provide a 
refuge from the more stressful winter conditions away from sea level. However, the 
elevations involved (generally less than about 150 m ASL) are quite low when compared 
with the set of all resident fish stream reaches in the study area (Figure 4.9), suggesting 
that environmental conditions are not likely to be especially limiting at these lower 
elevations.
We express isolation period in terms of years, which might be relevant for 
environmental extinction processes but are not the appropriate units for demographic and 
genetic extinction processes, which act on generations. Unfortunately, the demography 
of isolated resident populations of coastal cutthroat trout and Dolly Varden has not been 
studied at all in southeastern Alaska, and has received little attention elsewhere that these 
species occur. We estimated a generation time of 3 years for stream-resident coastal 
cutthroat trout (Hastings 2005, chapter 3), but there is considerable uncertainty about this 
number and our estimate may have been low. Other studies have found that coastal 
cutthroat trout in similar settings rarely live longer than 4 years (June 1981; Wyatt 1959). 
However, we have a small amount of anecdotal evidence that stream-resident coastal 
cutthroat trout in southeastern Alaska may live for six years or more and Dolly Varden 
for at least 10 years (K. Munk and K. Hastings, unpublished data). Because the majority 
of glacial isostatic rebound occurs soon after the weight of the icesheet is removed, uplift 
in most of southeastern Alaska was largely complete by about 8,000 years ago. We 
estimated that most of the populations we studied have been isolated for 8,000 to 12,000 
years. That would translate to somewhere between 800 and 6,000 generations, based on
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the limited information we have about generation time for the stream-resident form of 
these two species. While this is a very imprecise estimate, these populations have clearly 
been isolated far longer than any populations fragmented by recent anthropogenic events. 
Thus the thresholds we identified for population persistence can be considered quite 
conservative over the shorter time spans on which natural resource development and 
conservation take place.
Species Interactions and Density 
We found evidence that Dolly Varden density was suppressed in the presence of 
coastal cutthroat trout. Habitat segregation between salmonids has been widely 
documented (Dolloff & Reeves 1990; Glova 1987; Hearn 1987), with the general pattern 
that Oncorhynchus tends to outcompete sympatric Salvelinus when both are native. 
Northcote (1995) summarized numerous experiments conducted to identify competitive 
exclusion between cutthroat trout and Dolly Varden. These experiments were motivated 
by the observation that these two species tend to segregate spatially in both lakes (where 
cutthroat trout are found near the surface and closer to shore) and streams (where 
cutthroat trout occupy the center of the channel). Northcote’s (1995) experiments were 
inconclusive, but the pattern of segregation, wherein cutthroat trout appear to consistently 
occupy the preferred habitat, was not.
Our estimates of cutthroat trout density are similar to estimates made for other 
species of cutthroat trout in inland headwater streams. Hilderbrand and Kershner (2000) 
report estimates of 0.20-0.35 fish/m for 3 subspecies of cutthroat trout across 38 streams. 
Like Hilderbrand and Kershner (2000), we chose to express fish density linearly, i.e.
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fish/m rather than fish m2. When fish density can be expressed in terms of stream length 
rather than area, it is a more generally useful number. Stream length can be easily 
derived from maps or aerial photographs, whereas determination of stream area generally 
requires a field survey.
Empirical Support for the 50-500 Rule 
The 50-500 rule of thumb for recommended minimum population size (Soule & 
Wilcox 1980) has a strong theoretical foundation and has been widely applied, but 
empirical support for the rule has been hard to come by because of the long-term nature 
of the predictions. Our results show a surprisingly accurate alignment with the 
predictions of the long-term (“500”) portion of the rule. An effective population size (Ne) 
of 500 would correspond to a census population size of about 2500 adult salmonids, 
based on an expected H /N  ratio of 0.2 for this taxonomic group (Allendorf & Waples 
1996). A population of 2500 adult fish at a typical density of 0.4 fish/m would require 
approximately 6.25 km of stream habitat. Our data indicate that about 5.5 km of habitat 
are required for a 90% likelihood of persistence, a very close fit with the 6.25 km 
predicted by the 50-500 rule. While one should always use caution when extrapolating 
beyond the conditions examined in an individual study, these results should bolster the 
confidence of those employing the 50-500 rule in situations where empirical support for 
its predictions is unavailable.
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Management Recommendations 
The landscape of southeastern Alaska has a high degree of natural fragmentation 
due to steep topography and the network of interspersed saltwater channels. However, 
stream networks here and elsewhere have been further fragmented in many areas by road- 
stream crossings not designed to pass resident fish (Kahler & Quinn 1998; Shea Flanders 
& Cariello 2000; Warren & Pardew 1998). One of the most immediate applications of 
our results will be to determine which resident fish populations are most in need of 
reconnection through restoration of fish passage at these crossings. For resident fish 
populations above a natural barrier that have been further fragmented by inadequate road- 
stream crossing structures (mainly high gradient or perched culverts), it is important to 
consider the amount of habitat both above and below each crossing. If either is less than 
about 1 km, restoring fish passage at that crossing should be a high priority if the habitat 
on both sides is to continue to support fish. A further consideration is that the uppermost 
habitable reaches of a natural stream represent a unique habitat type, shallower water 
with many small refuges from high flows due to step-pool morphology. This habitat type 
may be important to rearing juveniles if it allows them to escape predation and 
cannibalism from larger fish restricted to deeper stream reaches. Several studies are 
currently underway to examine seasonal use of high gradient headwater reaches by 
juvenile salmonids in southeastern Alaska (Bryant et al. 2004).
We found strong evidence that Dolly Varden densities are suppressed in the 
presence of coastal cutthroat trout. Similarly, Glova (1987) demonstrated suppression of 
coastal cutthroat trout densities in the presence of coho salmon (Oncorhynchus kisutch) 
and sculpins (Cottus spp.), an effect that we also observed (K. Hastings, unpublished
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data). In southeastern Alaska, a number of fish passes have been built to allow 
anadromous salmon, principally coho, access to habitat previously occupied only by 
stream-resident Dolly Varden and coastal cutthroat trout. We caution that this action 
likely has unintended consequences for those previously isolated populations.
Isolation in headwater reaches has been proposed as a conservation strategy for 
inland cutthroat trout, where headwater populations are often the only remaining pure 
stocks (Kruse et al. 2001; Novinger & Rahel 2003). In evaluating this strategy, the focus 
has been on protecting headwater stocks from pathogens and from non-native species that 
compete and hybridize with the native stocks. However, it may also be important to 
consider competition from other native species present in headwater streams when 
assessing the viability of remnant populations. In particular, bolstering a native trout 
population with the addition of hatchery fish may result in unintended suppression of 
sympatric native char.
Small isolated fish populations offer an unparalleled opportunity to study 
population persistence in both natural and human-influenced settings. Much remains to 
be learned beyond what we have documented. Knowing the demographic characteristics 
of small, isolated populations would go a long ways towards an understanding of the 
mechanism for the dependence on habitat quantity that we saw. Stage-specific vital rates 
and population age distributions would allow the comparison of actual population 
persistence with that predicted by structured population viability analysis (Beissinger & 
McCullough 2002; Morris & Doak 2003). Knowledge of the annual variation in 
population size would help to establish the carrying capacity of a given amount of 
habitat. Any of these variables might prove a sensitive enough index to be used for
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monitoring population changes in response to anthropogenic development, could an 
efficient means of measurement be devised. Monitoring the changing characteristics of 
completely isolated populations restricted to a small geographic area offer conservation 
biologists the best opportunity we have for understanding the effects of human activities 
on non-human organisms.
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Table 4.1. Amount of habitat required for long-term persistence of isolated stream- 
resident populations of coastal cutthroat trout (CCT) and Dolly Varden (DV). The set 
of streams where each species was found was compared with the 29 streams where no 
fish were found using logistic regression; all regressions were highly significant. The 
odds ratio shown is for a unit change in log2 (habitat length); each doubling in habitat 
length increased the likelihood of species persistence by the ratio shown. The 50% 
and 90% length thresholds are the lengths at which the likelihoods of species 
persistence were greater than 50% and 90%, respectively.
50% Length 90% Length 
Species n x? P Odds Ratio Threshold (km) Threshold (km)
Either 95 46.74 0.00 2.95 1.07 4.41
DV 74 42.96 0.00 2.80 1.26 5.54
CCT 54 45.22 0.00 3.67 1.73 5.58
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Table 4.2. Amount of habitat required to support Dolly Varden (DV) and coastal 
cutthroat trout (CCT) in sympatry compared to streams where each species was found 
alone. The odds ratio is the increased likelihood of finding the other species present 
with each doubling of habitat length. The 50% length threshold is the length at which 
the likelihood of finding the other species present exceeds 50%. Thresholds for 90% 
likelihood of finding the two species in sympatry are not shown because they 
exceeded the length of the longest stream in our dataset by more than an order of 
magnitude.
Species n X2 P Odds Ratio 50% Length Threshold (km)
DV 41 4.01 0.05 1.38 9.45
CCT 21 2.58 0.11 1.36 2.14
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Table 4.3. Estimated sizes of smallest isolated populations found ("minimum 
observed habitat length"), and expected sizes of populations in streams where the 
amount of habitat is equal to the length threshold corresponding to a 50% likelihood 
of long-term persistence ("50% threshold length"). Census estimates are based on 
length of available habitat and average density of adult fish of each species when no 
other species is present and when both species are present.
Species Present Minimum Observed 
Habitat Length (m)
Estimated 
CensusN
50% Threshold 
Length (m)
Estimated 
CensusN
Alone
Cutthroat trout 1585 618 2550 995
Dolly Varden 415 764 1660 3054
Together
Cutthroat trout 700 329 2500 1175
Dolly Varden 700 238 2500 850
Total 567 2025
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Figure 4.1. Sites sampled for fish species presence in the Alexander Archipelago and 
mainland coast of southeastern Alaska (55°N to 58°N). Solid circles are sites where 
presence or absence was conclusively established; open circles were unverified reports.
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Figure 4.2. Upstream movement barrier.
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Figure 4.3. Comparison of isolated streams in our verified (dark bars) and unverified 
(light bars) datasets. The relative distribution of streams where coastal cutthroat trout 
(CCT) and/or Dolly Varden (DV) were found is similar for the two datasets, and is 
representative of all streams in the region with isolated populations o f these species. 
Only the numbers of fishless streams are not representative, a result of deliberate 
sampling bias in the verified dataset and of rigorous screening of many allegedly 
fishless streams from the unverified dataset.
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Figure 4.4. Percentage of streams of various lengths where isolated populations of 
cutthroat trout (light bars) and Dolly Varden (dark bars) were found. The x-axis is 
logarithmic to highlight data for streams near the presence-absence threshold. The width 
of each habitat length stratum is approximately the same on a logarithmic scale, but not 
all strata contained an equal number of streams. The number of streams/stratum varied 
from 3 in the two outermost strata to 22 in the central strata where our sampling effort 
was concentrated.
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Figure 4.5. Fitted logistic regression curves, with presence-absence data, for isolated 
populations of (a) coastal cutthroat trout, and (b) Dolly Varden. The three outlier sites 
(longer streams) where no fish were detected are from our unverified dataset, and may in 
fact contain fish.
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Figure 4.6. Fish presence in isolated stream reaches as a function of both habitat length 
and elevation at the top of the upstream movement barrier. Dots represent the lower 
quartile of streams with fish present above barriers (streams with less than 2400 m of 
habitat). The amount of habitat in smaller streams where fish were present is positively 
correlated (r = .52, p = .01) with barrier elevation, a surrogate for isolation period. The 
correlation between habitat length and elevation for the set of all sampled streams less 
than 2400 m long was not significant (r = .19, p = .19), indicating that the relationship 
between habitat requirements and isolation period is not merely a sampling artifact.
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Figure 4.7. Density of coastal cutthroat trout (CCT) and Dolly Varden (DV) where they 
occur together in headwater streams (n=12) or alone (n=4 for CCT and n=7 for DV). 
Streams were sampled annually for 2-6 years (median=4). Whiskers indicate 95% 
confidence interval; open circles are outliers.
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Figure 4.8. Length frequency distributions of representative isolated, stream-resident 
populations of (a) coastal cutthroat trout (n = 366), and (b) Dolly Varden (n = 291) from 
southeastern Alaska. Fish were sampled by minnow trap during the summer of 2004.
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Figure 4.9. Distribution of all resident fish stream reaches by elevation for the entire 
study area (source: Tongass National Forest GIS “streams” layer, January 2005).
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CHAPTER 5 -Evaluating the Effectiveness of a Large, Distributed Reserve Network
ABSTRACT
In parts of the world where significant numbers of native species and their habitat 
still persist, reserves are often set aside to buffer the biota from the progressive effects of 
development. Setting aside land for reserves is costly, and there is considerable interest 
in monitoring the results, following the adaptive management paradigm. But the design 
of large-scale programs to monitor species and habitat status is still in its infancy. The 
complexity of large ecosystems and the open-ended nature of monitoring often conspire 
to produce grandiose monitoring plans that fail to deliver, and sometimes even fail to be 
implemented. We use the recently adopted conservation strategy for the Tongass 
National Forest in southeastern Alaska as a case study to explore a different approach to 
developing a monitoring program for a large-scale conservation strategy. Central to our 
approach is an operational framework that allows monitoring components to be added 
and deleted over time, keeping the size of the monitoring program matched to available 
resources and providing the flexibility to close out issues that are settled and address new 
ones as they emerge. We propose a larger role for research scientists to provide the 
integration of results that would otherwise be directly encoded in the design of a 
monolithic but static monitoring program, and to translate scientific conclusions into 
management recommendations and so that the tantalizing potential of the adaptive 
management paradigm might actually be realized.
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INTRODUCTION
A common conservation strategy is to designate a network of protected habitat 
reserves in embedded in a landscape that is otherwise open to development (Noss & 
Cooperrider 1994; Soule & Terborgh 1999). Putting entire landscapes into reserve status 
is usually impractical, and for wide-ranging species such as wolves, tigers, and whales 
that will make use of inferior habitat at least part of the time it is also probably 
unnecessary (Margules & Pressey 2000; Poiani et al. 2000). The challenge is to 
determine how much and which parts of a landscape should be held as reserves in order 
to maintain viable populations of all target species. Whether it be national parks in 
Africa or marine reserves in the South Pacific, there will always be a tension between the 
desire to develop some areas for direct human benefit and to maintain others in an 
undeveloped status for the maintenance of biodiversity. Those who argue in favor of 
landscape-scale reserve networks are under pressure to show that the number and 
arrangement of reserves are both necessary and sufficient to meet conservation goals.
It is not possible to know in advance whether a reserve network will “work”. 
Real-time evaluation of the effectiveness of large, distributed reserve systems is 
important if they are to receive continued support in the face of increasing development 
pressure and it is also needed to guide refinement of reserve network designs, using the 
adaptive management paradigm (Johnson 1999; Walters & Cahoon 1990). Yet the 
challenge is formidable. Reserve networks are usually intended to conserve multiple 
species, particularly species with long life spans and naturally low reproductive rates for 
which detecting significant population trends is a protracted exercise. Target species may 
not be evenly distributed across the reserve network; some reserves may be more
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important for some species than for others. A reliance on the indicator species approach 
is fraught with opportunities to miss the effects of subtle but significant differences in 
how individual species or even populations are affected by habitat changes (Landres et al. 
1988; Niemi et al. 1997). Selecting and measuring variables that reflect the status of 
target species is only the first hurdle.
Reserve networks encompass much larger areas than the spatial extent of typical 
scientific investigations, making the logistics of evaluating them a major challenge. In 
addition, reserve networks tend to be developed progressively, so that the “treatment” 
being evaluated is not static. Furthermore, there is typically little or no regulation of 
what happens to that part of the landscape that is not in reserve status, the so-called 
matrix lands (Franklin 1993). In one part of a reserve network, the matrix may be largely 
undeveloped and approach the habitat value of a reserve, whereas in another part, or 
perhaps at a later time, the matrix may be developed and have little habitat value or, 
worse yet, function as a barrier or population sink. The spatial extent of reserve 
networks and complex spatiotemporal variation within them makes controlling for 
unwanted variation across the study a second major challenge.
Finally, the evaluation of conservation strategies is seen as “effectiveness 
monitoring”, an activity perceived by many scientists as uninteresting. Effectiveness 
monitoring is typically left to the resource managers who design those conservation 
strategies. Conducting scientific inquiry in the context of the problems mentioned above 
calls for creative approaches, sophisticated study designs and data analyses, and 
multidisciplinary teams. Yet scientists working for government land management 
agencies such as the United States Forest Service and non-governmental conservation
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organizations such as The Nature Conservancy are often relatively isolated, both from 
each other and from their peers in academia, as well as from the creative thinking and 
sophisticated techniques that are presented at scientific meetings and seminars. They 
face limited access to scientific literature, colleagues, training, new knowledge, and also 
to funding sources that target scientific researchers. This reduction in the size of the 
toolkit available to many of those charged with evaluating the effectiveness of distributed 
reserve networks is a third major challenge.
We offer a proposal for an operational framework to guide the evaluation of the 
reserve-based conservation strategy recently adopted for the Tongass National Forest in 
southeastern Alaska. We propose a set of key components for the monitoring program, 
and a flexible approach that allows the components to evolve in response to changing 
information needs and opportunities. We emphasize the need for greater participation by 
research scientists at multiple stages of the process, and we describe some of the benefits 
of this approach, not only for policy makers but for the researchers as well.
TONGASS NATIONAL FOREST CONSERVATION STRATEGY 
The Tongass National Forest is by far the largest National Forest in the United 
States, essentially comprising an entire ecoregion, the Pacific Gulf Coastal Forest- 
Meadow province (Bailey 1995; Nowacki et al. 2001). The boundaries of the Tongass 
include almost the entire panhandle of southeastern Alaska, essentially the entire 
Alexander Archipelago and associated mainland coast. The Archipelago covers 
approximately 500 km of latitude and 150 km of longitude, and it includes over 22,000 
islands (USDA Forest Service 1997). It is bounded on the west by the open Pacific
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Ocean and on the east by a nearly unbroken range of mountains. North of the 
Archipelago, the rocky coastline comes to an end and is replaced by sweeping sandy 
beaches. To the south, the Archipelago stops at Dixon Entrance, a broad body of water 
that approximates the location of an ecotone representing the northern limit of a number 
of terrestrial species.
The Alexander Archipelago is steep, rugged terrain partitioned by deep fjords, 
with a temperate rainforest climate dominated by the frequent arrival of storms off the 
North Pacific. The naturally fragmented landscape harbors an especially high percentage 
of endemic species and subspecies (Cook et al. 2001; Smith in press). While there is 
concern about the long-term viability of some wildlife species and populations, none are 
presently considered to be actually hovering on the brink of extinction, and many parts of 
the landscape remain relatively undisturbed by anthropogenic influences. However, 
commercial logging and associated road building have affected a large portion of the 
Tongass (Durbin 1999), and these activities continue to expand. Except on private lands, 
logging and road building are governed by the Tongass Land Management Plan 
(henceforth “TLMP”), most recently revised in 1997 (USDA Forest Service 1997).
Unlike many other National Forests, federal land ownership in the Tongass is largely 
continuous, with only a few inholdings belonging to the state and to Alaska Native 
corporations. Except for these few, large tracts and an equally small number of urban 
areas, nearly all land development activities in southeastern Alaska are governed by the 
provisions of TLMP.
A conservation strategy for the Tongass National Forest is laid out in TLMP. The 
broad goal of the strategy is, in accordance with the National Forest Management Act, to
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maintain viable populations of all native and desired non-native species, well-distributed 
across the landscape (USDA Forest Service 1982). The TLMP conservation strategy 
includes both a coarse filter reserve network approach intended to benefit all species and 
fine filter provisions that further address unique needs of particular species. The coarse 
filter approach comprises a set of roughly circular reserves, along with narrower strips of 
protected forest that buffer all significant streams as well as all freshwater and saltwater 
shorelines. These buffer strips are expected to provide some degree of connectivity 
between reserves, although they were not explicitly laid out to achieve this goal.
Reserves are more or less evenly distributed across the entire Tongass and are protected 
for the life of the forest plan from most further development activities. (However, 
portions of many reserves have experienced past logging and roading, since it was 
impossible in 1997 to specify a reserve network that avoided all previous development).
Fine filter provisions in the TLMP conservation strategy focus on unique habitat 
requirements of individual species, most often carnivores. Wolf dens and goshawk nests 
outside of reserves are buffered from development activities. Additional trees and snags 
are left standing after timber harvest in areas where habitat for American marten has 
previously been impacted. Riparian zones where brown bears forage for salmon are 
protected from development. These fine filter provisions were included where scientists 
felt that the coarse filter reserve strategy could be insufficient to maintain well-distributed 
viable populations of particular species. In most cases, the fine filter provisions were 
scientifically motivated (e.g. martens do best in intact forest with plentiful snagsBuskirk 
& Powell 1994), but the specific details of the provisions were educated guesses (e.g. 3
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large snags left standing per acre). Implementation of fine filter provisions still leaves 
much to the judgment of forest managers {e.g. the pattern of snag distribution).
Development of the TLMP conservation strategy was largely driven by concerns 
about the continued viability of large wildlife species thought to be dependent, at least in 
part, on the presence of large tracts of old-growth forest. Early in the forest plan revision 
process, an interagency committee was charged with developing a strategy that would 
address such concerns. (A separate concern for the maintenance of fish habitat, 
particularly for the salmon that are a mainstay of the region’s economy and culture, had 
earlier led to the designation of riparian buffer strips along all fish streams in the Tongass 
Timber Reform Act of 1990.) The so-called Viable Populations Committee (“VPOP”) 
took the approach of identifying a set of old-growth associated species that were deemed 
especially vulnerable because of threats to their habitat, life history traits, or their 
population structure, hereafter referred to as the conservation strategy “design species”. 
The overall strategy proposed by the VPOP Committee was the union of all of the 
protective measures deemed necessary to ensure continued viability for each of the nine 
design species (Suring et al. 1993). The species-based approach selected for the 
development of the conservation strategy would later lead the Tongass National Forest to 
take a species-based approach to the evaluation of its effectiveness.
The conservation strategy proposed by the VPOP Committee was submitted for 
review by research scientists from 18 institutions outside of Alaska (Kiester & Eckhardt 
1994). Reviewers were especially concerned about the small number of design species, 
the limited amount on information available about the status and habitat requirements of 
those design species, and the limitations of a species-based approach. Attention was also
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drawn to the high degree of population structuring induced by the naturally fragmented 
island landscape of the Tongass. These concerns were acknowledged in a formal 
response by the VPOP Committee (Suring et al. 1994), but the strategy remained largely 
unchanged.
In 1993 and 1994, petitions were filed to list as endangered two wide-ranging 
predators found in the Tongass: the Alexander Archipelago wolf (Canis lupus ligoni) and 
the Queen Charlotte goshawk (Accipiter gentilis laingi) (U.S. Fish and Wildlife Service 
1994a, b). Conservation assessments for these two species were prepared (Iverson et al. 
1996; Person et al. 1996), further focusing conservation concerns on individual species. 
The goshawk was designated a “sensitive species” by the Forest Service and became an 
additional de facto design species for the conservation strategy; the wolf had already been 
identified as one by the VPOP Committee. When TLMP was ultimately adopted in 1997, 
the U.S. Fish and Wildlife Service relied in large part on the protections imposed by the 
TLMP conservation strategy to deny a designation of threatened status (U.S. Fish and 
Wildlife Service 1997a, b).
Because of the large size of the Tongass, the high public interest in ensuring 
maintenance of its biodiversity, and the fact that the Tongass was the first National Forest 
to undertake a forest plan revision under the regulations of the National Forest 
Management Act, the Forest Service pioneered a new approach to incorporating the 
scientific perspective in Tongass policy development (Everest in press; Mills et al. 1998). 
Research scientists from the Forest Service’s Pacific Northwest Research Station were 
included as full members of the planning team, charged with developing a scientific 
analysis of the predicted effects of various policy alternatives. Scientist team members
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oversaw a panel assessment process to further review the proposed conservation strategy 
for the Tongass, along with other key components of TLMP (Shaw 1999). Panel 
assessments were focused especially on viability concerns in areas where old-growth 
habitat had already been substantially reduced, and on the protection of small populations 
of island endemics. The former concern resulted in a guideline that called for future 
timber harvests to leave a significant percentage of stand structure in place (large trees, 
snags, and downed logs) in areas where more than a third of the original old-growth had 
already been harvested. The latter concern resulted in a provision that put all islands 
under 1000 acres off limits to harvest. Multiyear studies were also initiated to explore a 
few priority information needs, including the distribution of endemic mammals, impacts 
of clearcutting on riparian zones and forested wetlands, and ecological effects of 
alternative harvest methods (USFS 1997: Appendix B; results of these studies will be 
published in a special issue of Landscape and Urban Planning in 2005).
The Tongass conservation strategy was a bold application of largely untested 
assumptions about the effect of habitat on population dynamics. The influence of 
scientific perspective was evident not only in the provisions of the conservation strategy 
but in the extensive analysis developed to support it, but the job of evaluating the strategy 
still lay ahead. When TLMP was signed in 1997, it included a skeletal monitoring and 
evaluation plan that identified key monitoring questions for resources such as fish and 
wildlife, as well as for other social and economic resource areas (USFS 1997: Chapter 6). 
The monitoring plan specified a continuing role for Forest Service research scientists in 
developing, implementing, analyzing, and interpreting effectiveness and validation 
studies. It also left much unspecified, and where details were provided they were later
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often deemed to be inappropriate or inadequate. For instance, trends in some wildlife 
species were to be evaluated using harvest statistics, a notoriously biased sampling 
regimen (Strickland et al. 1996). No wildlife habitat monitoring was specified, except in 
the so-called “biodiversity” monitoring protocol which consisted of nothing more than 
evaluating changes in the total amount of a handful of forest cover types at a very coarse 
spatial resolution, based on a database of unknown and inconsistent accuracy. Still more 
problematic was the lack of a formal adaptive management framework for tying specific 
monitoring objectives to the resolution of scientific uncertainties that undermined 
confidence in the new TLMP.
An interagency advisory group was convened in 1997 to assist the Forest Service 
with developing and implementing its monitoring plan. Seven years later, a number of 
monitoring protocols have yet to be finalized. With the exception of several studies 
independently conducted by the Pacific Northwest Research Station (e.g. Bryant et al. in 
press; Woodsmith et al. in press), almost none of the monitoring data that has been 
collected has been analyzed in such a way that results could provide feedback to the 
policy development process. Several attempts have been made to develop a conceptual 
framework for the monitoring program to address this concern by better integrating its 
components, and ensuring that the highest priority monitoring tasks are getting done 
(Alaska Department of Fish and Game 2001; Smith in prep.), but none have yet been 
generally adopted. In what follows, we attempt to build on these efforts, and we 
specifically address the role of research scientists in helping achieve monitoring program 
goals.
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AN OPERATIONAL FRAMEWORK FOR EVALUATING THE STRATEGY 
Conventionally, monitoring activities are broken into four categories: baseline 
monitoring; implementation monitoring, effectiveness monitoring, and validation 
monitoring (Noss & Cooperrider 1994). From the scientific standpoint, these activities 
range from the fairly routine (verifying the accurate implementation of a resource 
management policy) to potentially quite challenging (testing fundamental assumptions 
about ecosystem processes). A complete monitoring program will include the full range 
of activities, carried out by participants with widely differing amounts of experience. 
Later, we will expound in more detail on monitoring program components and the roles 
of participants, especially research scientists, but first we argue that all components of a 
monitoring program must follow some common ground rules that recognize the basic 
scientific nature of the enterprise.
Monitoring per se consists of data gathering. Competent data management and 
data quality assurance procedures are required if scribbles on a page or numbers in a 
spreadsheet are to be transformed into usable data (Palmer 2003). Data management and 
storage is a formidable task and one often given inadequate attention by people who have 
not previously worked with large quantities of data that are collected by more than one 
individual or team. On any large project, all monitoring data need to be stored in a 
central repository in a common, documented format (Michener et al. 1997). It’s a simple 
enough principle, but one rarely followed to the letter. A noteworthy exception is the 
National Science Foundation’s LTER program (Hobbie et al. 2003), which has invested 
considerable energy in the standardization of data management techniques (Michener et 
al. 1998).
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Data quality control and quality assurance are additional concerns. Data quality 
measures include both specifying procedures that minimize observer bias during data 
collection as well as implementing procedures to detect corrupt data after collection (e.g. 
due to transcription errors). The U.S. Environmental Protection Agency is a particularly 
good resource for guidance on the development of data quality control and quality 
assurance (U.S. Environmental Protection Agency 2002). Individual monitoring 
activities will differ in the level of data quality needed, but all monitoring activities will 
benefit from the thought exercise of developing a data quality plan.
That said, the key to approaching the evaluation of a comprehensive, landscape- 
scale conservation strategy is acceptance that this broad objective is neither a single 
question nor one that can ever be comprehensively and finally answered. The area 
involved is too vast and diverse for a representative sampling scheme to be both 
meaningful and logistically feasible. The potential numbers of significant explanatory 
and response variables are both enormous, and their values wide-ranging. Either 
controlling for or analyzing the numerous interactions between them across an entire 
region is impossibly challenging. In this context, an operational framework is needed to 
provide guidelines for determining which parts of the evaluation to tackle first, and at 
what resolution (Atkinson et al. 2004; Schoonmaker & Luscombe 2005).
While such decisions will often be carefully thought out, others may be 
opportunistic. When grappling with intractable problems, any opportunity that helps to 
gain a toehold may be worth considering. For instance, the appointment of a new faculty 
member may add expertise that was not previously available, perhaps in modeling, 
population ecology, or remote sensing. Similarly, the development of a new technique or
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new technology may transform an intractable problem into one more amenable to 
investigation. A commonly agreed-upon operational framework helps keep the focus on 
the main questions while allowing the monitoring program to evolve in response to new 
information and changes in funding levels and resources. At the same time, an 
operational framework helps policy makers assimilate new monitoring data by placing 
them in the context of the overall monitoring objectives.
Components o f the Operational Framework 
For the evaluation of a large, distributed reserve system such as that described by 
the Tongass conservation strategy, we propose an operational framework with four 
components: (1) implementation monitoring; (2) periodic state-of-the-ecosystem 
assessments; (3) evaluations of specific management practices; and (4) tests of policy 
assumptions about ecological processes. None of these components alone can address 
evaluation of the overall reserve system and its myriad objectives, but experience has 
shown this grand goal to be unattainable due both to ecosystem complexity and to 
logistical and financial constraints (the monitoring program for the Northwest Forest 
Plan, which evaluates only seven natural resource components, costs over $6,000,000 
annually; USDA Forest Service 2002b). In addition, monolithic monitoring designs are 
difficult to adapt when new ecological concerns or management information needs are 
identified (Ringold et al. 1996). The reality of working in a resource management 
context is that policy decisions must frequently be made long before scientific questions 
have been answered with a research scientist’s desired level of certainty (Nyberg & 
Taylor 1995), and interesting lines of scientific inquiry must often be abandoned and
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others initiated at more frequent intervals than most researchers would prefer. The 
operational framework that we propose breaks the problem down into smaller pieces to 
facilitate the necessary flexibility, and to provide distinct and complementary roles for 
biologists working in both agency and academic contexts. It attempts to resolve the need 
for compiling long-term monitoring datasets with the reality of ongoing changes in both 
the policy and the ecosystem being evaluated.
Component 1: Implementation Monitoring 
Implementation monitoring is simply the act of checking to see that the policy 
was indeed implemented as planned. Without implementation monitoring, it is 
impossible to know whether the written policy is actually what is being evaluated by the 
remainder of the monitoring program. For the Tongass conservation strategy, 
implementation monitoring would include answering questions like: if reserves are 
supposed to be of a certain minimum size, are they indeed that large? If buffers are 
supposed to be of a certain minimum width, are they indeed that width? Some questions 
about implementation can be grayer, especially where policy guidelines are not 
quantitative but qualitative. For example, in the Tongass extra-wide forested buffer strips 
are supposed to be left along each stream bank along reaches important to brown bears 
foraging for salmon. Measuring the width of a buffer is easy enough, but determining 
which stream reaches are important foraging sites for bears, and thus require those 
additional buffers, is more problematical. The design of an implementation monitoring 
program, in addition to helping ensure policies are implemented as planned, also brings 
to attention points such as this where policy clarifications are needed. Importantly, an
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implementation monitoring program loses much of its credibility if some measure of 
third-party oversight is not included (Bella 1997).
Component 2: Inventories and Assessments 
Second, some knowledge of the state of the ecosystem and its components are 
needed. Prior to the invention of GIS, this information generally consisted of inventories 
of species present. A simple list of species is a good starting point, but because species 
are not continuously distributed across a region, it is also important to know something of 
the intra-regional distribution of each species. For species whose distribution is 
discontinuous -  which for islands in the Tongass would include almost all terrestrial 
species, as well as many aquatic ones -  distribution maps can also help to suggest the 
number and sizes of distinct populations that may be present. It is important to maintain 
not only viable populations of all species, but their distribution as well, as acknowledged 
by the National Forest Management Act (USDA Forest Service 1982).
In addition to inventorying species and mapping their distributions, it is also 
desirable to map habitat types and their distributions. “Habitat types” can be a 
problematic concept, since habitat is in the eye of the beholder. For each species, a map 
of the different types of habitats within its range will look different. Thus, it is best, at 
least at a coarse level of resolution, to consider habitat value a consequence of physical 
processes such as geology and climate, and classify landscapes according to the 
interaction of these processes, as Nowacki et al (2001) have done in their definition of 
ecological subsections for the Tongass, at a resolution of about 25-2,500 km2. Habitat 
values at a finer resolution are a result as well of vegetation structure and diversity. The
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Tongass has developed a number of classification schemes to capture both physical and 
biological variation at this scale. These include classifications motivated by 
geomorphology (landforms, stream channel types), geology (parent rock, soil type), and 
vegetation (plant association, forest stand structure). Resolution (minimum map unit 
size) for these classifications is on the order of 0.25 km2 for terrestrial classes, or 0.1 km 
for linear stream channel types. Not all of the Tongass has been completely classified for 
each scheme, but the classification that exists is extensive and illuminating for ecologists 
(Brock et al. 1996; Pawuk & Kissinger 1989; USDA Forest Service 1992).
Many of these maps will be static over a period of decades or more. Landforms, 
soil types, and the like do not generally change during the lifespan of a typical monitoring 
program, and they need be mapped only once to provide explanatory context for more 
dynamic processes. However, a monitoring program should also include periodic 
remapping of habitat features that do change over on a temporal scale comparable to that 
of the evolution of resource management policy. For adaptive management to work, the 
feedback loop from monitoring results to suggested policy adjustments must occur fairly 
rapidly (Bormann 1994). Management plans for individual forests like the Tongass are 
revised every 10-15 years (USDA Forest Service 1982). For the most part, forest 
management policy can only be amended when the revision window is open, and since 
forest plans are amended every decade or so, the policy that is being monitored changes 
significantly at that point.
The key is to identify habitat features that are potentially altered by development 
activities. In the Tongass, road building and timber harvest are the predominant 
development activities, although there are also a few sites where urbanization, intensive
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recreation and tourism, and mineral extraction are influential. Road construction can 
result in aquatic organism passage problems at stream crossings, erosion, runoff, and 
increased human presence, among other impacts (Trombulak & Frissell 2000). Roads 
may also either deter or concentrate animal movements. Timber harvest alters vegetation 
composition and structure and may cause erosion. Like road construction, timber harvest 
may alter wildlife spatiotemporal use patterns in a variety of ways. Changes that should 
be periodically remapped include:
• Vegetation composition and structure: Habitat value may be dependent on 
both forest stand structure and the nutrients present in vegetation.
• Road network: Information about when road segments were constructed and 
maintained should be included, as well as the status of any road-stream 
crossings.
• Soil movement: This category includes landslides and erosion, both of natural 
and of anthropogenic origin.
• Human concentrations: Recreation sites, mines, towns (with boundaries and 
approximate numbers of people present during summer and winter).
• Wildlife concentrations: High use areas and den sites should be mapped both 
by species and by season (e.g. stream reaches where bears congregate to 
forage for fish during the salmon spawning season). Where conflicts with 
specific local human activities are a concern, it may also be worth 
differentiating wildlife presence at different parts of the day.
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Component 3: Effectiveness o f  Specific Management Practices
The third component of our proposal is the evaluation of specific management
practices. It is somewhat more feasible to evaluate the direct effects of a single type of 
treatment than it is to evaluate the effectiveness of a multidimensional conservation 
strategy, although there always remains the problem of choosing a design that adequately 
controls for background variation. The effort is important, however, as most individual 
components of the conservation strategy are costly to implement, at least in the sense of 
lost opportunity costs, and there will be significant pressure to drop them if they are not 
demonstrably contributing to conservation goals. Management practices chosen for 
evaluation should be those that are most costly to implement, that are thought to 
contribute the most to conservation, and whose efficacy is the least certain.
For the Tongass conservation strategy, examples of specific management 
prescriptions would include particular buffer widths, requirements for snags and live trees 
left in harvested stands, and avoidance of nest or den sites while they are occupied. Not 
all management practices can be evaluated directly, and it is important not to waste 
valuable monitoring resources collecting data that cannot be analyzed in a statistically 
valid manner to evaluate the practice in question. One of the biggest challenges to 
evaluating the effectiveness of specific management prescriptions is matching the scale 
of the prescription to that of the response variable. For instance, if a certain amount of 
vegetation structure is to be left standing for wildlife habitat after timber harvest, it is 
difficult to evaluate how this impacts organisms whose typical movement area is much 
larger than the harvested stand. The post-harvest success or failure of an organism may 
be tied to habitat quality within the harvest unit, or it may be entirely driven by 
conditions in the surrounding landscape. For this reason, tests of specific management
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practices should ideally be conducted where the practice is consistently applied over an 
area at least as large as the area used by the organism being monitored. An example from 
the Tongass would be a smaller island where the entire island was harvested according to 
a consistent policy, be it clearcutting or some form of partial cutting or second growth 
treatment. Not only are such situations relatively rare, but it is even more rare that they 
are replicated at a suitable scale.
An alternative approach is to use a before-after study design. Several years of 
data are collected before the treatment is applied, and data collected after treatment 
application are compared with pre-treatment data. One of the biggest challenges with 
using this design in a management context is that planned treatments are not always 
implemented. Lawsuits frequently alter the timing of timber sales and sometimes result 
in their cancellation, turning the pre-treatment data into control data and leaving the 
researcher without any post-treatment data at all. One way to accommodate this 
uncertainty is to establish a number of pre-treatment sites on the assumption that at least 
some will be treated and the others will remain as controls. This is effectively the before- 
after-control-impact (BACI) design, although the designation of control sites is not done 
in advance but a result of the vagaries of the forest plan implementation process. This 
was the design chosen by the Tongass for monitoring the impacts of timber harvest on 
resident fish indicator species (USDA Forest Service 2000).
In order to evaluate the effectiveness of a specific management practice, it is 
essential to define precisely how effectiveness will be measured and scored. We have 
observed a tendency on the part of managers to conclude that because no problems were 
detected after the application of a management treatment, the treatment must have been
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effective. With this attitude, the risk of making type II errors is high. Before it can be 
concluded that no problems occurred, the monitoring protocol used must be evaluated for 
its power to detect specific negative outcomes (Steidl et al. 1997; Taylor & Gerrodette 
1993).
Effectiveness can be defined by either a positive or negative threshold for some 
clearly defined measurable quantity, such as level of dissolved oxygen in stream water 
(positive) or the suspended sediment load (negative). However, most response variables 
are not static, and it will typically be necessary to make repeated measurements of the 
response variable over a long period of time to ensure that a moment of “effectiveness” is 
not bracketed by less desirable conditions. A management practice may be deemed 
effective immediately after it is applied, but this could be misleading if the negative 
effects of that practice take time to manifest themselves. A good illustration of this 
concept is the response of understory vegetation to clearcut harvest (Alaback 1982;
Oliver & Larson 1996). Initially, the understory responds to the increased sunlight with a 
flush of vegetation. If the desired result is a flourishing shrub layer to provide forage for 
ungulates, clearcutting appears quite effective. But after several decades, a new cohort of 
trees begins to block light from reaching the understory, and if measurements are made at 
that time, clearcutting would appear very ineffective for maintaining a thriving shrub 
layer. The effectiveness of other practices may be discemable only if measurements are 
taken at the correct time. Otherwise, the practices might appear to be neutral. An 
example of this would be forested buffer strips left along high gradient streams to control 
erosion of the stream banks. If erosion only occurs during a major event such as a 100
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year storm, then it would be misleading to measure erosion rates after lesser storms and 
conclude that the buffer is effective if no erosion is detected.
The Tongass fish and wildlife monitoring program developed by the Forest 
Service has relied mainly on the indicator species approach, choosing certain populations 
of certain species to monitor over time. The use of indicator species to evaluate the 
effectiveness of resource management policies has been much debated (Caro & 
O'Doherty 1999; Landres et al. 1988; Simberloff 1998; Weaver 1995), and has been a 
focal point of efforts to revise the planning rule for the National Forest Management Act 
(USDA Forest Service 1999, 2002a). In general, we do not believe that the indicator 
species approach is a fruitful one for the Tongass. Above and beyond the problem of 
choosing an indicator species whose status meaningfully reflects the status of other 
species, there are concerns about lags in response time for long-lived species (which 
includes many wildlife species when compared with the 10-15 year lifespan of National 
Forest management plans) and, especially in the Tongass, the difficulty of collecting 
demographic information about any wildlife population and the large number of putative 
populations inhabiting islands with diverse management impacts. An earlier effort to 
develop a conceptual framework for evaluating the effectiveness of the Tongass 
conservation strategy recommended broadening the wildlife monitoring program to 
include more than just the species-based approach that is more or less mandated by the 
existing regulations for the National Forest Management Act (Alaska Department of Fish 
and Game 2001).
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Component 4: Tests o f Assumptions 
An effective monitoring program for a multifaceted conservation strategy that 
covers as large and complex an ecosystem as the Tongass involves more than just looking 
for trends in periodically repeated inventories and testing individual management 
practices. The strategy rests on the acceptance of many untested assumptions about 
habitat relationships, demography, and population structure. A proactive approach to 
evaluating the strategy will also include a parallel track of testing critical assumptions, 
the fourth component of our proposed operational framework. This component is often 
referred to as validation monitoring, that is, “monitoring” conducted with the goal of 
validating the assumptions that underlie policy. We find the term “validation 
monitoring” to be unfortunate. Research that is conducted merely to validate generally 
accepted assumptions is usually much less interesting than research that strives to 
evaluate debatable assumptions. Furthermore, evaluating assumptions is very nearly 
basic research, and calling it monitoring discourages researchers from becoming 
involved. To many researchers, monitoring implies little more than repeated collection of 
generic data continuing indefinitely into the future, with little attention paid to how the 
data might be used.
On the contrary, exploring untested assumptions is the very stuff of scientific 
research. Within the broad confines of the generalized information needs identified by 
agency personnel, there is more than adequate room for basic research on ecological 
processes. Resource managers are sometimes reluctant to provide researchers with the 
license to follow their interests in unanticipated directions as research progresses, but we 
believe that such freedom is beneficial and necessary for both parties. A well-crafted
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resource management policy should already have incorporated the best available 
scientific advice. Only by supporting research in unexplored territory are policy makers 
likely to gain significant new insights about previously unconsidered weaknesses in the 
policy. The serendipity that is responsible for so many scientific breakthroughs can also 
increase the likelihood of policy breakthroughs.
Example: Headwater Stream Buffer Strips 
To illustrate how the operational framework might be applied, consider the 
Tongass National Forest policy requiring buffer strips to be left on larger, non-fish 
bearing headwater streams (USDA Forest Service 1997). The intent of these buffer strips 
is to help control the flow of debris from adjacent hillslopes into headwater streams, and 
on down into fish-bearing reaches below (Everest et al. 1995). The requirement for 
headwater buffers calls for narrower strips to be left than on lower gradient, fish bearing 
streams. Only incised headwater streams receive this protection, and only within the v- 
notch, up to the first slope break.
This management policy, new in TLMP, was recommended by a team of 
watershed scientists as a result of a Congressionally-sponsored review of fish habitat 
protection measures on the Tongass (Everest et al. 1995), where natural runs of all native 
salmon species still thrive and where their harvest is still the backbone of the region’s 
economy. The scientists felt that headwater streams play a critical role in determining the 
regime of sediment delivery to fish habitat below, and that headwater buffer strips are 
needed to ensure that the sediment delivery regime is not disrupted by timber harvest.
For southeastern Alaska at least, this recommendation derived from expert judgments,
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not, for the most part, from scientific studies that had clearly demonstrated this 
relationship.
Tongass managers find this policy especially costly. Stream density in the 
rainforests of southeastern Alaska is so high that it is virtually impossible to lay out a 
timber harvest unit without including at least one, and often more, streams that fall under 
the headwater buffer strip requirement. Planning a timber sale becomes more 
complicated because every individual rill must be mapped precisely. For each stream 
segment, a determination of whether a buffer strip is required must be made, based on 
characteristics of channel morphology, which themselves must be measured in detail. 
Each buffer strip must be mapped and flagged. The area of buffer strips must be 
subtracted from the total area of the unit, using GIS software, to arrive at the amount of 
timber to be offered for sale. The logging system to be used must be designed so that 
trees can be extracted from the harvested strips between protected streams without 
disturbing any stream buffers. During harvest, the timber sale administrator must work 
closely with the logging contractor to ensure the buffer strip requirements are understood 
and respected, and to solve logistical problems that inevitably come up as the logging 
equipment is maneuvered around the protected strips. Clearly the headwater buffer strip 
requirement fits the definition of a management policy ripe for effectiveness monitoring, 
since it is a cornerstone of the freshwater habitat conservation strategy but costly to 
implement, and many of the scientific assumptions underlying this policy have yet to be 
tested for the climatic regime and physical topography of southeastern Alaska.
To properly evaluate this policy, all four components of the monitoring 
framework are needed. It goes almost without saying that implementation monitoring
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will be critical, not just because other monitoring cannot be carried out without assurance 
that the policy is being applied as intended, but because this practice calls for timber sale 
layout crews to develop new skills and exercise judgment in new ways -  their 
responsibilities have been expanded. Indeed, early implementation monitoring of this 
policy exposed inconsistencies in the way it was being applied and required clarifications 
such as a more detailed description of the criteria for determining which headwater 
streams the buffer strip requirement applied to. Other results included such simple 
changes as standardizing the colors of flagging that would be used to mark different types 
of headwater streams, and clarifying whether stream incision depth should be measured 
vertically or along the slope perpendicular to the stream channel. It should be noted that 
while those sorts of immediate payoffs from implementation monitoring tend to drop off 
over the life of a management practice, periodic turnovers in field personnel make it 
important that implementation monitoring continue indefinitely to quickly catch any 
problems that result from replacing veteran practitioners with ones new to the game.
The second component of the monitoring framework is periodic inventories. A 
current baseline map of all stream channels was alluded to in the previous section. From 
this, the set of all stream reaches that are candidates for headwater buffer strip protection 
can be determined. This set can be periodically intersected with a current map of existing 
timber harvest to inventory headwater streams that are unharvested, streams that were 
harvested without buffer strip protection, and streams harvested with buffer strips left in 
place. This inventory has at least two functions: (1) cumulative effects assessment; and 
(2) identification of candidate sites for testing hypotheses about the function of buffer 
strips on headwater streams. Other inventories that may be relevant include the locations
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of mass wasting events and of buffer strip blowdown events. Such inventories can be 
used in a variety of ways to support the implementation of the headwater buffer strip 
policy and the remaining two components of the monitoring framework.
The third component of the monitoring framework is tests of the effectiveness of 
specific management practices. By this, we mean the measurement of one or more 
quantitative variables that can be tested against some value or range deemed to indicate 
proper ecosystem function, or the lack thereof. What we do not mean is what typically 
constitutes a monitoring program: an unfocused effort to measure a few randomly chosen 
quantities at an unspecified level of resolution with unknown error, and an expectation 
that any problems will somehow make themselves apparent by exhibiting a strong signal 
that stands out from the background noise. It would be rare for a scientific researcher to 
receive funding for such an ill-considered fishing expedition, and it’s no surprise that 
natural resource managers are reluctant to dedicate fiscal resources to monitoring 
programs that fit this description.
The stated purpose of headwater buffer strip protection in TLMP is to maintain 
the pre-harvest sediment delivery regime to fish-bearing reaches downstream. Since the 
goal is not a particular rate of sediment delivery but a pattern over time, the pre-harvest 
pattern of sediment delivery must be known in order to select criteria against which to 
evaluate effectiveness. The interval over which sediment delivery will be monitored 
must be specified, along with the resolution and known error of delivery rate 
measurements. A sampling design must be developed that controls for background 
variation and provides sufficient power to detect a change in sediment delivery regime. It 
is no small matter to specify what sort of regime change would be an indication of altered
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ecosystem function, but it should be clear that a monitoring program cannot be designed 
to produce scientifically credible conclusions if these steps, which are second nature for 
most scientific researchers, are not first followed. It is difficult to understand how 
credible environmental monitoring can be proposed that does not adhere to the same 
principles of study design as other scientific research, but it is not hard to see why 
monitoring programs have developed a poor reputation as a result of failing to adhere to 
those principles.
Finally, the fourth monitoring component, the one likely to be of greatest interest 
to researchers and of greatest concern to managers, is testing the key assumptions that 
underlie a management policy. For the headwater buffer strip policy, those assumptions 
would include: (1) that sediment delivery regime is an important determinant of fish 
habitat quality downstream; (2) that sediment delivery regime is largely controlled 
upstream of fish-bearing reaches; and (3) that riparian vegetation along high-gradient 
stream reaches is an important regulating mechanism for sediment delivery. To address 
these questions, a series of rigorous scientific studies would be needed, and managers 
must work closely with researchers to design study objectives that are pertinent yet 
achievable with the resources available (Walters 1997). An important point is that the 
operational framework we propose considers these sorts of studies, along with the other 
three components discussed above, to all be part of the monitoring program. The 
dictionary definition of “monitoring” refers to something that is systematically tracked or 
measured on an ongoing basis (American Heritage Dictionaries 2000), and many people 
assume that “monitoring” can only describe activities that involve repeat sampling over a 
long or indefinite time period. We argue that in the natural resource management
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context, the word “monitoring” has come to be shorthand for “monitoring and 
evaluation,” and that it is actually the second of those two words that best defines the 
activity. This use of the term makes it clear that rigorous scientific tests of underlying 
assumptions fit squarely within a monitoring program, even, and especially, if they are 
completed in a finite time.
ROLES OF THE PLAYERS 
If scientists are to be funded by resource management agencies to do this sort of 
research, they must take responsibility for ensuring that policy makers understand the 
implications of their results for existing management policies, and thereby contribute to 
closing the adaptive management loop. For example, a number of academic studies of 
genetic population structure of various small mammals have been conducted, with agency 
support, during the last decade (e.g. Cook et al. 2001). Taken together, they suggest that 
not only is there a high degree of endemism in the Tongass, but that most endemics are 
restricted to just a few of the islands and even within subspecies there is considerable 
island-based population structuring. The present Tongass conservation strategy does not 
consider that individual populations should be managed separately. All members of a 
species are considered to be members of a single population that spans the range 
inhabited by the species in southeastern Alaska. Cook et al (2001, p. 224) include a brief 
sentence at the end of their manuscript suggesting that this perspective needs 
reconsideration: “At a minimum, distinctive regions should be managed independently 
given that they support reciprocally monophyletic lineages and thus, distinctive regional 
biotas.” For managers to take notice, understand the implications, and determine specific
140
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
policy modifications to address this concern, a single sentence in a journal not generally 
read by policy makers is not sufficient. We believe that resource management agencies 
should be more generous in providing support for basic research conducted in the 
ecosystems that they manage, but that researchers must compensate this generosity at the 
conclusion of studies by collaborating with managers to achieve a mutual understanding 
of how their results alter the assumptions that existing policies are built on.
The most effective monitoring program for a large-scale conservation strategy 
will include active participation of both agency biologists and research biologists, as well 
as substantial interaction between them. Agency biologists and their coworkers must set 
the objectives of the monitoring program and define the level of effort that will be 
committed to it. They will be responsible for much of the data collection, and for 
recruiting and training the crews that collect it. But agency biologists do not always have 
the training to develop efficient, objective sampling designs, nor to select or apply the 
most appropriate statistical methods for data analysis. Research biologists can help to 
improve the quality and efficiency of agency monitoring programs by serving as 
consultants and reviewers, just as they did, in the case of the Tongass, during the original 
development of the TLMP conservation strategy (Mills et al. 1998).
On the Tongass, implementation monitoring is primarily the province of agency 
biologists. Verifying that planned actions have been carried out and guidelines followed 
is a relatively straightforward task. There is some challenge in choosing an efficient and 
objective sampling scheme for implementation monitoring, and here research biologists 
may be able to assist. A second challenge is in deciding which aspects o f policy 
implementation merit monitoring. Here, it would be best to examine the objectives of the
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remainder of the monitoring program. It will be difficult indeed to evaluate the 
effectiveness of a policy such as the Tongass conservation strategy if it is unknown 
whether the strategy has in fact been implemented. Where the effectiveness of the 
strategy is believed to rest on key aspects of the policy, these aspects should be included 
in the program of implementation monitoring. Here, a mixed team of researchers and 
agency biologists will be most likely to ensure that aspects of the policy that are most 
important for conservation are not inadvertently omitted from the implementation 
monitoring program, nor is too much effort expended on monitoring the implementation 
of uncontroversial components of the policy (uncontroversial meaning here that correct 
implementation is sufficiently likely as to not need verification).
Defining the objectives of a monitoring program is clearly the province of 
resource managers, since the monitoring program exists to serve their information needs. 
Only the agency can decide, as well, what level of effort to invest in a monitoring 
program (unless that is decided at a higher level, in Congress or in the courts). But vague 
objectives will doom many scientific endeavors. Choosing and articulating well-focused 
objectives is a skill that researchers practice regularly. As reviewers, researchers can 
help agency managers and biologists ensure that the objectives defined for a monitoring 
program are focused and clearly stated. Tight collaboration at this stage is critical. 
Agency representatives must identify in some detail the aspects of management policy 
about which information is most needed or researchers may focus on questions they find 
more academically interesting.
Researchers can also help agency personnel determine the most effective methods 
for addressing those objectives and realistically chart the resources required to meet
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monitoring goals. In general, agency biologists attend far fewer scientific meetings and 
seminars and do not have the breadth of experience that researchers can offer when 
selecting methods and study designs. Researchers tend to be more familiar with the 
application of cutting edge technologies to scientific investigation, and with a broad 
pallet of techniques for data analysis and particularly for recognizing and dealing with 
unruly data. In turn, agency collaborators typically take responsibility for the bulk of 
actual monitoring data collection. Researchers are thus freed up to spend more time 
thinking, almost an unspeakable luxury but one that can have profound benefits for the 
monitoring program overall.
An important role for researchers in a monitoring program is in testing key 
assumptions that underlie the policy being evaluated. Just as some of the science that 
was used to develop the strategy was the product of academic researchers, so will new 
basic science be central to policy revisions. It is to be expected that from time to time 
basic scientific investigations will uncover flaws in the strategy that derived from the 
acceptance of inappropriate assumptions. These deeply buried flaws can be resistant to 
discovery by those who are testing the strategy directly. Such tests normally attempt to 
control for sources of unexpected variation and because of this can become almost self- 
fulfilling prophesies at times. For instance, a monitoring study of the effectiveness of 
riparian buffer strips may collect data only in the buffer strip itself and find that, say, 
amphibian densities appear to be healthy there, but fail to notice that the buffer strip is 
actually acting as a sink for amphibians immigrating from unharvested forest upstream.
The roles we have proposed for agency and research biologists in developing and 
implementing a large monitoring program are notably different from what typically
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happens at present. In particular, we believe that more use should be made of researchers 
as reviewers and consultants, and at more stages in the development and execution of the 
monitoring program. We believe that poorly focused objectives and limited scientific 
rigor doom many monitoring programs. Skills to address those problems are regularly 
taught by research scientists associated with graduate programs, but researchers may have 
difficulty seeing the merit of adding to their workload by adopting a second cohort to 
mentor. We argue that there are substantial benefits to both sides. Among other things, 
researchers who regularly advise agency biologists should be among the best candidates 
for receiving funding to conduct research associated with monitoring programs. Not only 
will they be familiar with the questions the agency is wrestling with, and the state of 
current knowledge, but they will be at an advantage when it comes to planning and 
arranging for logistical support. In the Tongass, arranging for logistical support is one of 
the biggest obstacles to conducting field research, so much so that academic researchers 
rarely undertake any but the most trivial studies if they are not affiliated with an agency 
that can provide local support.
Another benefit of contributing to the scientific rigor of the collection of 
monitoring data is that such data may later be mined by researchers for other purposes. 
Few researchers have the means to collect data on such a large scale as many resource 
management agencies do routinely. Resource management agencies have larger staffs 
than most ecological research labs, and they have the infrastructure to support the 
logistics of large-scale data collection. Field-collected datasets are never without their 
deficiencies, but the early participation of researchers in the design of monitoring 
protocols can reduce deficiencies and increase the utility of the resulting datasets. In my
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own research, I have been able to greatly increase the extent and variety of data that 
could be searched for patterns and used for hypothesis testing by adding to my data a 
number of datasets collected by agency biologists during the preceding 50 years 
(Hastings 2005). Unlike researchers whose careers depend on the primacy of their 
discoveries, I have found publicly-funded resource management agencies to be more than 
willing to share their data unless it is of a sensitive nature (e.g. nesting sites of individuals 
of an endangered species).
CONCLUSIONS
The central challenges of evaluating the effectiveness of a large, distributed 
reserve system are a result of the size and complexity of the ecosystems, the fact that the 
“treatment” being evaluated is not static, and the diverse backgrounds and approaches of 
the people involved in the evaluation. The challenges posed by large size and complexity 
can be somewhat tamed by developing good inventories and spatially explicit distribution 
maps for all taxa, and for significant habitat features and anthropogenic developments. 
The moving target constraint requires that the monitoring program not be entirely fixed in 
stone and temporally invariant for the foreseeable future, but rather include a selection of 
continuously changing smaller studies that are integrated by an operational framework 
and periodic syntheses of results and implications. The diversity of players is a strength, 
but only if all participate according to what they can best contribute. Researchers, in 
particular, must make the effort to overcome the attitude that evaluating the effectiveness 
of conservation strategies, aka “monitoring”, is uninteresting and beneath them. The 
logistical resources o f large management agencies make large-scale data collection
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possible and offer the researcher the luxury of spending the lion’s share of her or his time 
on analysis and interpretation.
Far more work has gone into designing and implementing ambitious conservation 
strategies than into evaluating them at this point. We believe that the best strategy for 
evaluating the effectiveness of large, distributed reserve networks remains an open 
question. We suggest that a symposium or workshop should be convened around this 
topic soon, as the pressure to demonstrate the value of costly conservation measures such 
as reserve set-asides is sure to increase in concert with increasing human population size. 
As a first step, the goals for different reserve networks should be articulated, perhaps with 
the aim of developing a classification of reserve network types. Such as classification 
could support a conceptual framework for reserve system evaluation that is generalizable 
to different continents, different political settings, and both terrestrial and aquatic 
reserves. We can envision the emergence of specialized subdisciplines such as spatial 
statistics for reserve-corridor configurations, and the extension of ecoinformatics into the 
arena of managing large volumes of spatially and temporally repeated measurements.
The core question of reserve network evaluation offers no shortage of intellectual 
challenge, and the potential reward of seeing ones work translated into highly visible, 
measurable (and measured!) conservation gains.
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APPENDIX 3 -  Accuracy of GIS-Mapped Stream Data
For larger drainages, we estimated stream lengths from the GIS database of 
stream reaches. We evaluated the accuracy of the GIS stream database for the smaller 
drainages where we measured stream length by surveying actual stream length on the 
ground (Figure A3.1). The correlation of mapped stream length with surveyed stream 
length is affected by: (1) errors of photointerpretation, i.e. drawing a stream channel in 
the wrong place; (2) missing smaller tributary channels that are not visible in aerial 
photographs; and (3) the fractal effect, whereby a the measured length of a convoluted 
pattern is positively correlated with the scale of measurement. The slope is not far from 
1:1 and the regression is significant (r2 = .31, p = .01), but there are clearly cases where 
photointerpretation overestimates or underestimates actual habitat amount by a factor of 
2-3. Since we field-verified the length of shorter streams, where the likelihood of 
persistence was an open question, the uncertainty associated with GIS-based estimates of 
the length of longer streams did not especially influence our results. However, the 
presence of this uncertainty underscores the need to field-verify critical data derived from 
even high-quality GIS databases.
We found a similar pattern when comparing GIS-mapped barrier elevations with 
elevations taken in the field using a digital altimeter (Figure A3.2), for similar reasons. 
The correlation is again significant (r2 = .45, p = .00), but there are obvious outliers. 
Unlike stream lengths, we did not systematically sample a particular stratum of barrier 
elevations, so the uncertainty associated with unverified barrier elevation estimates is 
randomly distributed. This uncertainty may have obscured somewhat the relationship
173
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between isolation period, for which barrier elevation is a surrogate, and minimum habitat 
requirements for population persistence.
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Figure A3.1. Relation of photointerpreted stream lengths to field-verified stream lengths 
for 19 smaller streams. (Field-verified lengths for streams longer than 2.5km are not 
available.)
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Figure A3.2. Relation of photointerpreted barrier elevations to field-verified barrier 
elevations for 21 streams.
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